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Yeposition of Nickel and Cobalt by Chemical Reduction 
By Abner Brenner and Grace Riddell 


A process has been developed for depositing nickel and cobalt from hot solutions of 


hypophosphite without the use of current. 


catalytic metal surfaces. 


The reduction of metal occurs only on certain 


By specific pretreatments, the adhesion of the deposits can be 


improved and by other pretreatments, the reduction can be induced on noncatalytie surfaces. 


The reduction can be inhibited completely by the presence of certain ions in the plating 


solution or by the catalytic metal surface becoming inactive. The possible mechanism of 


the reaction and the factors affecting the rate of deposition are discussed. 


The deposits 


produced by this process are sound, hard, and of good quality. 


I. Introduction 


Since the publication of a report by the authors ! 
a process for depositing nickel by chemical re- 
uction, additional information has been obtained 
wit broadens the operating conditions and the 
yplieations of this process. The first paper de- 
ribed the deposition of nickel from an ammoniacal 
lution containing hypophosphite. The process 
is been extended to include the deposition of 
ickel from acid solutions and of cobalt and cobalt- 
ickel alloys from ammoniacal solutions. 

The process involves the reducing action of 
lypophosphites in a solution of nickel or cobalt at 
 C or above in the presence of certain catalytic 
etals. The reactions can be expressed by the 
llowing equations: 


Cl, ~ NaH,PO,+H,O0-—> 
Ni+2HCI+NaH,PO; (1) 


NaH,PO, T H,O >NaH,PO, T H,. (2) 


le hypophosphite undergoes oxidation, and the 
ickel is reduced. Both of these components must 
idded at intervals to make the deposition 
mlinuwous, 
\n interesting feature of the process is that the 
eposition of nickel or cobalt occurs only on certain 
elille surfaces that are immersed in the hot 





Brenner and Grace E. Riddell, J. Research NBS 37, 31 (1946) 
1 ES Annual Proceedings, p. 25 (1946) 
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solution, and that deposits are not usually obtained 
No electric current is in- 
It is suggested that this 
nickel 


on the glass vessels. 
volved in the deposition. 
process be designated as 
plating” and “electroless cobalt plating’’. 


“electroless 


II. Composition and Operating Charac- 
teristics of Solutions 


1. Nickel 
(a) Alkaline Solutions 


This subject, treated in the previous paper, will 
be reviewed briefly for completeness. The most 
satisfactory alkaline solutions are ammoniacal, 
and contain citrates, ammonium salts, hypo- 
phosphites, and nickel salts. A typical bath is 


composed of: 


q liler 
Nickel chloride ___ - 30 
Sodium hypophosphite ‘ 10 
Ammonium chloride , 50 
Sodium citrate _ - 100 


Ammonium hydroxide to a pH of 8 to 10 


Such a solution deposits nickel at the rate of 
0.0002 to 0.0003 in. (0.005 to 0.008 mm) per hour. 

As previously indicated, the rate of deposition 
depends upon the composition of the solution and 
is approximately proportional to the concentration 
of the hypophosphite, as shown in table 1. Vary- 
ing the concentration of nickel salts within the 
limits shown produces no appreciable change in 
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the rate of deposition. Other factors, such as the 
concentration of organic salt, effect the rate of 
deposition to a smaller degree. 


TABLE 1. Effect of bath composition on rate of deposilion 


Concentration Rate of deposition per hour 


SODIUM HY POPHOSPHITE 


g liter im. x<10-* mm X10 
2 o3 s 
‘ 15 
Ww 24 fil 
Mw 7.5 165 
NICKEL 
3.8 22 55 
7 2.6 ie 
A 0 76 


Table 2 indicates that the rate of deposition 
increases rapidly with temperature. This effect 
of temperature applies also to the acid-nickel 
solution and the alkaline cobalt solution, which 
will be discussed later. 


Tarte 2. Effect of temperature on rate of deposition 


Temperature Thickness per 30 minutes 


( in. <Xlort mmx 
7 O.1n5 0.39 
os 3s 6 
Ts “4 163 
7 ws 2.4 
w 1.1 2.8 


If additions of hypophosphite are made at 
suitable intervals, the useful life of such a solu- 
I-liter bath, the 
equivalent of an area of 40 square decimeters was 


tion is relatively long. In a 


plated for 1 hour before the bath became ineffici- 
ent. (This is equivalent to about 16 square feet 
If the nickel con- 
centration had been constant, and the solution 
had been filtered at intervals, the useful life of the 
solution would have been still greater. 


for 1 hour in a 1-gallon bath). 


(b) Acid Solutions 


The alkaline-nickel solutions yield good, sound 
deposits, but in practice, their use is inconvenient 
and uneconomical, because at the high temperature 
of operation, there is a rapid loss of ammonia, and 
the fumes are disagreeable. 
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Earlier attempts to prepare an acid-nickel soly, 


tion for electroless plating were unsuccessfy) 


More recently an acid-nickel solution was form). 


lated that overcomes the disadvantages of the alk, 
line solution. 


uents by vaporization occurs. The solution 


more easily controlled and the deposits are py. 


duced at a faster rate than from alkaline solutioys 

The proposed acid-nickel solutions differ froy 
the alkaline-nickel solution in composition as y, 
as in pH. Typical bath compositions are giy, 
in table 3. 


TABLE 3. Composition of the acid-nickel solutions 
Bath 
I II Ill IN 
giliter giliter | g/liter git 
Nickel chloride, NiCl.6H,O 30 30 30 
Nickel sulfate, NiSO4.7H,O 
Sodium hypophosphite, NaH»PO:.H,0 10 10 10 
Sodium hydroxyacetate, NaC )Hy Oy; O 10 
Sodium acetate, NaC;H 0:.3H,0 
Sodium citrate, Na®CeHsO07.5}6 H,O 10 
Rate of deposition: 
Millimeters per hour 0.015 0.013) 06.005 
Inches per hour 0006 0005 oon ' 
Appearance of deposit Semi- | Semi- Semi- &k 
bright | bright bright 
pH 4to6 4to6 4to6 4 


At a pH of 5, nickel deposition will occur in 
solution containing only soluble nickel salts a 
sodium hypophosphite. The reaction is vigorous 
and the reduction of nickel is very rapid. Withe 
any regulation of the pH, the latter drops rapidli 
and at a pH of 1 to 2, the rate of deposition is lov 
In order to prevent the rapid drop in pH, sas 
of organic acids are added as buffers, the mos 
satisfactory being sodium acetate and salts of « 
tain hydroxyearboxylic acids. These buffers ma 
tain a high rate of nickel deposition, and ¢! 
hydroxyearboxylic salts prevent precipitation 
basic nickel salts. 

To obtain the best deposits from a soluti 
buffered by sodium acetate, its concentration mis 
be carefully regulated. The data in table 4 i 
cate that large variations in the rate of nich 
deposition results from changes in the «cet! 
concentration. The rate of deposition reaches * 
maximum in the nickel-chloride bath with « 
acetate content of 2.5 g/liter; and in the nickel: 
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When the acid solution is used » 
elevated temperatures, no fumes or loss of const). 
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‘fate bath, of 4.3 g/liter. The acetate can be 
Jded as barium, sodium, nickel, or other soluble 
alt. The acetate bath has the disadvantage of 
coming turbid with use and of producing de- 
josits that are dull and rough. 


Effect of acetate concentration on rate of deposition 


Acetate Thickness of deposit 


Bath composition radical in 1 hr 


g/liter in. X10- mm 
2.0 7.5 0. 02 
4.3 10.0 025 


6.5 4.0 Oo 


Nickel sulfate, 35 g/liter, and sodium 
hyp ophosphite, 10 g/liter 


1.0 2.0 005 
Nickel chloride, 30 g/liter, ands odium 2.5 6.0 O15 


hypophosphite, 10 g/liter. } 6.5 1.0 0026 
20.0 .6 OO16 


Certain hydroxyearboxytic acids, such as hy- 
droxyacetic and citric acids, yield good rates of 
nickel deposition and likewise prevent precipitation 
of basic nickel salts, which cause rough deposits. 
Citrates produce deposits of good physical proper- 
ties, but the rate of deposition is lower than from 
hydroxyacetate or acetate solutions. Tartaric, 
malic, gluconic, and formic acids are unsatis- 
factory because negligible amounts of nickel are 
deposited in their presence. Table 5 indicates 
that 50 g/liter and 100 g/liter of sodium hydroxy- 
acetate give the highest rates of deposition, 
respectively, for the nickel-sulfate and nickel 


Effect of the concentration of hydroxyacetate on 
rate of deposition 


TABLE 5. 


_ Thickness of deposit 
in | hr 


Na 
hydroxy 
acetate 


Bath composition 


g liter m.x1o- mm 
10 0. 008 


“Nickel sulfate, 35 ¢/liter, and sodium fT) ol 
hypophosphite, 10 g/liter 100 3.3 (0s 


{ 200 ‘ 007 


10 ol 


Nickel chloride, 30 g/liter, sodium | : 
fT) 


ypophosphite, 10 g/liter 


The concentrations of the 

other components may vary considerably. The 

tickel content may vary from 3 to 50 g/liter with- 

appreciably altering the rate of deposition, but 

th a nickel content of 100 g/liter, the rate of 
position is somewhat decreased. 

Sodium hypophosphite can be used in concen- 


chloride solutions. 
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trations from 10 to 100 g/liter without appreciably 
affecting the rate of the process. This is in con- 
trast to the behavior of the alkaline solution, in 
which the rate of deposition is nearly proportional 
to the concentration of hypophosphite. 

The preferred pH range is from 4 to 6.5. As 
made up, the solutions have a pH of about 6 and 
no pH adjustment is required for a new bath. 
However, with long use, the pH drops slowly and, 
for continued rapid deposition, additions of a 
dilute hydroxide solution should be made at 
regular intervals. Because of the action of the 
buffer, frequent additions of hydroxide are not 
necessary. The alkaline solution used for the 
pH regulation should be dilute, so that the 
additions will not cause local precipitation of 
nickel compounds. Sodium and potassium hy- 
droxide are used in preference to ammonium 
hydroxide, because large concentration of am- 
monium «salts tend to lower the rate of the 
reaction. 

The yield or efficiency of the reaction, calculated 
on the hypophosphite was determined by weigh- 
ing the amount of nickel deposited on (1) a 
relatively large metal surface in a small volume 
of solution (i. e., 0.5. dm?/100 ml) and (2) a 
relatively small metal surface in a large volume of 
solution. (i. e., 0.5 dm?/liter) Under the first 
conditions, the average efficiency is 37 percent, 
i. e. about 2 g of nickel is reduced by 10 g of 
sodium hypophosphite. In the second procedure, 
the efficiency is only about 20 percent. Although 
both alkaline and acid solutions have about the 
same weight efficiencies, the rate of nickel depo- 
sition is larger in the acid solution. 


2. Cobalt 
(a) Alkaline Solutions 


Some investigators?*, by using highly con- 
centrated solutions of hypophosphite, obtained 
cobalt in flake and powdered form by a reduction 
similar to that described for nickel. In the 
studies by Scholder and Heckel *, cobalt powder 
was obtained from a strongly alkaline tartrate 
solution. The black powder contained 90 to 92 
percent of cobalt and 4 to 6 percent of phosphorus. 
The solution slowly decomposed upon standing at 
room temperature and the reaction became 
vigorous upon heating. 


? Paal and Friedrici, Ger. deut. chem, Ges. 64, 2561 (1931) 
Sholder and Heckel, Z. anorg. alleem, Chem. 198, 329 (1931 








In the present studies, it was found that by 
reducing the concentration of the solution con- 
siderably, the formation of the powder was pre- 
vented, and smooth, adherent deposits of cobalt 
were formed on metal surfaces immersed in the 
hot solution. The alkaline-cobalt solution is very 
similar to the alkaline-nickel solution in compo- 
sition and operation. It is composed of soluble 
salts of cobalt, hydroxycarboxylates, ammonia, 
and hypophosphite. The hydroxycarboxylic salts 
are used to prevent the precipitation of cobalt in 
the alkaline solution, and to afford deposits of 
good physical properties. The most suitable 
hydroxycarboxylic salts are the tartrate and 
citrate. Other salts, such as sodium hydroxy- 
acetate, gluconate, and salicylate are unsatisfac- 
tory because they slow down the production of 
deposits. Deposits produced in the citrate solu- 
tions have better physical properties than those 
from the tartrate solutions, which tend to be more 
dull, powdered, and porous. 

In the cobalt solution, ammonium salts decrease 
the rate of deposition to a considerable extent, in 
contrast to their effect in the alkaline nickel solu- 
tion. However, this decrease in rate is compen- 
sated for by the fact that the deposits are superior 


in physical properties to the dull, rough, and 
porous deposits formed at exceedingly high rates 


in the solutions free from ammonium salts. The 
optimum concentration of ammonium salts is be- 
tween 25 and 50 g/liter; an excessive amount, for 
example 100 g/liter, decreases the rate of deposi- 
tion to a negligible value. 

The cobalt concentration should be between 2 
and 10 g/liter. A concentration much above this 
causes darkening of the deposits and _ finally 
reduces the rate of deposition. 

The sodium hypophosphite is used in higher 
concentrations in the cobalt than in the nickel 
solutions. Very little cobalt reduction occurs 
with sodium hypophosphite equal to 10 g/liter, 
but the rate of deposition is steadily increased as 
the hypophosphite concentration is increased to 
100 g/liter. For optimum efficiency, it is recom- 
mended that the sodium hypophosphite content 
be 20 g/liter. 

For most purposes, ammonium hydroxide is 
used to regulate the pH of the solution. Other 
hydroxides can be used, but, when this is done, 
more care is required in making additions in 
order to keep within the pH range. 


Table 6 shows the composition of some typ; 
baths. Bath IV produces deposits of supe) 
physical properties. However, deposition may 
slow to start, and in such cases, it can be initia: 
in bath II before the parts to be plated are 
mersed in bath IV. 


Compositions of some of the alkaline-cd 
solutions 


TABLE 6, 


Cobalt chloride g/liter g/liter g/liter 
CoCh.6H,0 30 30 ST) 
Sodium hy pophosphite 
NaH2PO, H,0 
Rochelle salt: 
Nak CyHyOe4HyO 
Sodium citrate 
NasCeHs07.544 H,O 
Ammonium chloride 
NHC! 


Rate of deposition: 
Millimeters per hour 0.0076, 0.016 0. 007 
Inches per hour. 0003 | . 0006 00027 
Appearance of deposit Dull | Dull Dull 
Alkali for neutralizing bath NH,OH NH,OH §NHOH 
pH... 9to10| 9to10| 9to 


The pH of the solutions has a considera! 
effect upon the rate of deposition. For best » 
sults, the pH should be kept above 9 for the cob 
whereas, a pH of 8 to 9 was satisfactory for ‘ 
alkaline nickel solutions. The yield or efficien 
of the deposition of cobalt, based on the deco 
position of hypophosphite, is 66 percent when: 
relatively large surface is coated in a small voluw 
of solution. When the area of metal surface i: 
given volume of solution is decreased, the efficien 
is lowered. 

(b) Acid Soiutions 

The reduction of cobalt from acid baths is w 
satisfactory. A very thin film of cobalt forms: 
copper and steel in solutions of certain compe 
tions, but the deposit does not build up and cove 
irregularly. From experiments in which the cow 
position, concentration, metal surfaces, and pr 
treatments were varied widely, it was conclu 
that deposition from acid solutions is impracticé 


3. Solutions for Depositing Nickel-Cobalt Allor 


A deposit of a nickel-cobalt alloy can be 
tained by using an alkaline solution contain 
soluble salts of both metals. In a solution co 
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ip ag equal parts of nickel and cobalt, the re- 
jung deposit contains about 65 percent of 
ol When the metal ratio, Co/Ni, in the so- 
on is changed to 2, the resulting deposit con- 
ins about 50 percent of each metal. 
The conditions for plating, with respect to pH, 
mperature, and composition, are the same as 
y alkaline electroless plating of nickel or cobalt. 
1 pH should be 8 or above, and the temperature 


least 90°C. A typical alloy bath contains: 
g/liter 

Cobalt chloride 30 
Nickel chloride 30 
Sodium citrate -- 100 
Ammonium chloride _ 50 
Sodium hypophosphite : 20 


Ammonium hydroxide to regulate pH. 
his solution deposits a semibright cobalt-nickel 
loy at the rate of nearly 0.0006 in. (0.015 mm) 


TABLE 7. 


Alkaline-nickel bath 


Impurity 
Impu- 


rity Effects 
g/liter | 
SOy 0.01 | Copper deposition 
Cl 1.0 | Rate decreased 
Ch 0.1 No deposition 
pCh 1.0 Normal deposition 
‘b 1.0 | .do 
‘ls 1.0 |___..do 
CN 0.01 | No deposition 
Cl x ..do 
oN . — 
HiP'Os 10 Rate decreased 


! 


The cobalt solution is the most sensitive, and 
be acid-nickel solution the least sensitive to 
ipurities. Palladium does not inhibit the dep- 
ition, but it causes a gradual decomposition of 
« hypophosphite when present in the solution. 
To render the contaminated solutions operable 
ain, the impurities must be removed. The 
moval can be made by conventional means of 
paration. For example, the suggested manner 
r removing cadmium from the solution is to 
ijust the bath to pH 3.5 to 4.0 and to pass 
drogen sulfide through the solution for about 
Pp minutes. The cadmium is precipitated under 
bese conditions and it can be separated by filter- 
g. If the pH of the solution is above 4, much 
ckel is precipitated, and if the pH is below 3, 
he cadmium precipitation is not complete. 
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in 1 hour. Changes in the composition of the 
solution cause changes in the rate of deposition 
and in the physical properties of the deposit that 
are similar to those mentioned for the individual 
metals. When sodium citrate (100 g/liter) is used 
in place of Rochelle salts, the deposits are brighter 
and smoother, but the corrosion resistance is 
inferior. 

In the acid solution, an alloy cannot be ob- 
tained, as nickel alone is deposited. Only 0.25 
percent of cobalt was found in a deposit from an 
acid solution containing equal amounts of each 
metal. 


III. Effects of Impurities 


Certain metals and radicals in the plating solu- 
tions decrease the rate of metal reduction. Table 
7 shows the concentrations at which some metals 
will inhibit plating. 


Effect of impurities 


Acid-nickel bath 


Alkaline-cobalt bath 


. -y Effects —_ Effects 
g/liter g/liter 
0.1 Rate decreased 0.1 Normal deposition 
1 Normal deposition 1.0 Rate decreased. 
1 Rate decreased ol Rate greatly decreased. 
1 Normal deposition _ - 1.0 Rate decreased. 
1 do , , 1.0 Normal deposition 
1 — aa 1.0 Rate decreased. 
1 No deposition... 0.01 No deposition, 
ofl .do_. : ‘ 
.01 | Normal deposition 01 | No deposition. 
ioendied 10 Rate decreased. 


Frequently, failure to plate is caused by poison- 
ing of the metal surface. An interesting example 
of this is the passivation of a gold surface by 
cyanide solutions. Massive palladium does not 
always have the catalytic properties shown by 
the freshly prepared palladium film. 


IV. Deposition on Various Surfaces 


Iron, nickel, gold, cobalt, aluminum, and _ pal- 
ladium have catalytic properties that initiate the 
reduction of the nickel and cobalt immediately 
upon their introduction into the hot solution. 
Zine surfaces reduce some nickel, but the deposits 
have very poor physical properties. Some metals, 
particularly silver, occasionally act as catalytic 
surfaces. 
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Deposition can be obtained on noncatalytic 
metal surfaces such as platinum, copper, and brass, 
if certain measures are taken prior to immersing 
the metal into the plating solution. Lead and 
cadmium are noncatalytic metals that are not 
favorably affected by pretreatments, and deposi- 
tion cannot be induced upon their surfaces. To 
induce deposition on specific noneatalytic sur- 
faces and on certain catalytic surfaces that may 
be temporarily passivated, three methods may be 
used: (1) Change the composition of the plating 
solution (applicable to alkaline solutions only), 
(2) make contact with a more electronegative 
metal, and (3) deposit a thin layer of a catalytic 
metal on the surface of the noncatalytic metal. 
The latter two processes are applicable to both 
alkaline and acid solutions. 

Procedure (1). Copper and brass can be plated 
in alkaline solutions containing no ammonium 
salts, but these solutions are not as stable as the 
ammoniacal solutions that have been recommended 
previously. As much as 0.0001 in. (0.0025 mm) 
of nickel is deposited on copper in 30 minutes 
from solutions containing: 


g/liter 
Nickel chloride 30 
Sodium hypophosphite 20 
Rochelle salt 200 


Sodium hydroxide to regulate pH to 8 to 10. 


Because of the instability of this solution, this 
procedure is not of practical value. If an excess 
of sodium or potassium hydroxide is used in regulat- 
ing the pH, metal compounds will precipitate, and 
in turn, may act as nuclei for vigorous reduction 
of the metal and thus cause rapid decomposition 
of the solution. It is of interest that, although 
metal reduction is induced on copper surfaces in 
this type of solution, it does not consistently 
occur on steel surfaces. This is opposite to the 
behavior of these metals in the ammoniacal solu- 
tions. 

(2). It was learned in this research that some 
noneatalytic metals can be plated by momen- 
tarily bringing a more electronegative metal, such 
as aluminum or iron into contact with the surface 
of the article while it is immersed in the electroless 
solution.‘ The contact needs to be of only short 





* William Paecht of the Wright Aeronautical Corp., in a subsequent com- 
munication to the authors, suggested the use of iron or steel for this purpose. 
A copy of a note was recently received that was published in Science and Cul- 
ture (Caleutta), 12, 303 No. 10 (April 1947), by A. P. Goswami. He also 
reported successful deposition of nickel on copper, brass, and platinum by 
bringing them into contact with steel, 
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duration to initiate the deposition on the jy 
catalytic surface. Once the plating is stars 
presumably as a result of galvanic action, 4 
reduction continues on the nickel that 
deposited. By this procedure, such metals , 
silver, copper, and brass can be activated so as 
cause deposition of nickel upon their surfae 
Lead cannot be so plated. See table 8. 


IS fin 


TaBLe 8. Pretreatments for noncatalytic surfaces 


+, surface will plate; —, surface will not plate 


Contact process Palladium d 


Metal surface 


Alka- Acid Alka- Alka- Acid Al 


line Ni | Ni line Co. line Ni Ni ili 
Copper + + + + + 
Brass + + + + 
Platinum + + + - ine 
Gold * + + + + + 
Silver + + 4 a 
Lead - _ - a 


* Although gold is listed as catalytic for this process, it is frequently 
tive. 


(3). The third method of initiating deposit 
involves depositing minute amounts of cataly 
cally active metals, such as palladium or rhodiu 
upon the noncatalytic surface. This can be do 
by dipping the metal into a solution contain 
palladium, 0.02 g/liter, and HCl] (20 mi/lite 
This dip is made after the conventional cleaniy 
and immediately prior to immersion in the |i 
nickel solution. The immersion deposit of pall 
dium is visible as a faint tarnishing, and is suffice 
to catalyze the nickel reduction. This procedw 
is particularly satisfactory for obtaining depos* 
of nickel on copper and copper base alloys. 1! 
time required for immersion is dependent up 
the cleaning treatment that the metal is giv 
prior to the palladium dip, and also upon | 
temperature of the palladium solution. 

Though not always necessary, a prelimina® 
bright dip (in H,SO, and HNO, or H,PO, « 
HNO) is recommended for copper and bre 
surfaces. If copper is given a bright dip, the tu 
required for immersion in the palladium soluty 
at 25° C is only a few seconds; otherwise the i 
mersion in the palladium solution should be 
creased to several minutes. With or withou! 
bright dip, brass should be immersed in a palladi! 
solution at 60° C for about 1 minute. 

In spite of palladium being a precious met 
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the 1 < treatment is relatively inexpensive, because 
s Starts the very small amount of palladium consumed 
tion, | ‘he process. At the current price of palladium 
t is fi wut $L per g), the solution will not cost more 
netals Ban about $0.02 per liter. Only very thin films 
l so as palladium are required; in fact the film used is 
surfars nost of unimolecular thickness, (about 2 x 107 


1 or 8x 10°-° in.) as judged by the palladium 
nsumption. One liter of solution, containing 
rfaces 1 g of palladium, is sufficient to treat nearly 200 
(20 ft.*) of metal surface. 
Plastic surfaces are noncatalytic, and none of 
_ e above procedures will initiate the nickel 
wile position. In an endeavor to plate plastics, 
ll veral types were tried in the hot nickel solution. 
ven when precleaned with organic solvents and 
‘ids, the plastics remained noncatalytic. No 
position occurred on the surface when immersed 
highly concentrated solutions. When a plastic 
as silvered prior to immersing in the nickel solu- 







m, satisfactory deposition failed to occur. 
_ his failure was due primarily to the silver flaking 
ym the plastic in the hot solution. Other 
rositicfmmethods of applying a metal film to the plastic 
ataly Mimight be more successful. 
Od iui 
re doi V. Mechanism of the Reaction 
tami 
I liter The data given in section IT regarding the effect 
pani Mf concentration of the bath constituents on the 
he he Gate of reaction show that the reaction does not 
pal Mo according to the equations. If the reaction 
fFicie roceeded in the fashion expressed in eq 1, the 
eed ite of deposition of nickel would be proportional 
‘poss go the concentration of hypophosphite and nickel. 
TI s previously discussed, the rate of deposition in 
up w acid solution is virtually unaffected by the 
giv meentration of the reactants, and in the alkaline 
n tl lution is affected only by the concentration of 
he hypophosphite and not by that of the nickel. 
Nina! herefore, the reaction does not follow a simple 
, al ourse, but undergoes intermediate steps. 
bras Actually, the rate of the reaction is affected as 
“tit ich by the change in pH and the concentration 
uti ud specific nature of the organic salts as by the 
e il oneentration of the primary reactants. We have 
- LLampted to explain the reaction by one of two 
vu \y pothesis, neither of which is applicable to all the 
diut yhenomena. 
One suggested mechanism is that the reaction 
vet determines the rate is the reaction of hypo- 
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phosphite (eq 2) to produce hydrogen which, in 
turn, reduces the nickel on the catalytic surface. 
There is some evidence to support this mechanism 
for the alkaline solutions. Hydrogen evolution 
occurs at the surface of catalytic metals, even in 
the absence of nickel or cobalt salts, when immersed 
in the hot alkaline hypophosphite solutions. 
Furthermore, the potential of the catalytic metal 
in this solution is the same as the potential of the 
metal during the electroless plating process. The 
potential is —1.1 to —1.2 v, relative to the satu- 
rated calomel electrode (see table 9). This poten- 
tial is more negative than the reversible potential 
of either hydrogen or nickel, and hence is sufficient 
to account for the separation of the free elements. 


TABLE 9. Electrode potentials (against saturated calomel 
electrode) in an ammoniacal nickel solution 


Potential with re- 
spect to saturated 
calomel electrode 


Elect rode 

Before After 

plati 2 plating 
Steel 1. 16 
Aluminum —1.2 
Platinum —0. 44 s—1.2 
Copper —. 0 *—1, 25 
Silver —.17 e—1.15 
Gold —. 4 s—1.23 


« Plating induced by contact with aluminum. 


This explanation does not apply to the reaction 
in the acid solution in which, as already empha- 
sized, the rate of deposition is not affected by the 
concentration of the hypophosphite. Furthermore, 
the catalytic decomposition of hypophosphite with 
the production of hydrogen does not occur at 
metallic surfaces in the absence of nickel salts. The 
fact that the rate of deposition of nickel is in- 
creased considerably by the movement of the metal 
being plated would seem to indicate that the rate 
may be controlled by some type of diffusion proc- 
ess. Agitation of the metal does not affect the rate 
in the ammoniacal solution. Therefore, the 
mechanism seems to be different for acid and 
alkaline solutions. 

Another possible mechanism for electroless plat- 
ing is that the presence of hydrogen on the eat- 
alytic metal constitutes a galvanic cell, in which 
hydrogen is the anode and the metal the cathode. 
The process could then be considered as electro- 
lytic. The potential of the metal during the 
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electroless process is negative enough for such to 
be the case in both the acid and alkaline solutions. 
(See table 10.) An objection to this mechanism 
is that from an acidie electroless solution con- 
taining equal amounts of cobalt and_ nickel, 
only nickel is deposited. If this were an electrolytic 
process, more cobalt would be «leposited than 
nickel. 


TasLe 10. Summary of potentials (against saturated calomel 
electrode) in solutions containing hypophosphite 


Solutions Aver- 

— . . so tie age 
Condition of electrode | poten- 

No. Composition | tial 
A Alkaline nickel with ammo- During deposition —1.2 


nium salts. 

B Alkaline nickel with no am- do —1.3 
monium salts. 

C = - Same as B, but without nickel 

D Alkaline cobalt with ammo- 
nium salts. 

E Acid nickel with hypophos- do —0.9 
phite and organic salt. 


As hydrogen evolntion occurs | —1.3 
During deposition —1.2 


F Same as E, but without nickel No observable reaction at —.8 
catalytic surfaces 
G Same as E, but without hype- During electrolysis at 0.5 -.77 
phosphite. amp/dm?. 
H do Theoretical H, potential ae] 


In connection with the measurement of the 
potentials of electroless plating, it was of interest 
to determine the effect of impurities on the poten- 
tials. As small concentrations of cadmium inhibit 
deposition, this impurity was selected for study. 
The addition of cadmium to the extent of 100 
mg/liter in the course of an electroless plating 
experiment caused the potential of the work to 
become more noble, as shown in the following 
data, and both the metallic deposition and hydro- 
gen evolution ceased. (Potentials measured against 


calomel half-cell.) 
Volt 

Potential of steel before hypophosphite is 
added to the bath... __- 

Potential of surface while plating with 

hypophosphite added to the bath-_---_- —1. 28 
Potential of surface after cadmium chloride, 
0.01 g/liter is added to bath._.....-___- 


VI. Adhesion of Deposits 


The adhesion of the deposits to the base metal 
is such that the deposits will not flake off, but in 





some cases will detach on flexing. The adiesioy 
to various metals can be improved by variation: 
in the cleaning of the metal prior to immersion jy 
the reducing solution. Excellent adhesion to stec! 
can be obtained by an anodic treatment of the 
steel in a 70-percent sulfuric acid, but in order to 
make the process independent of current, it js 
preferable to use a dip in concentrated (95% 
sulfuric acid. 

The adhesion to surfaces that have been give 
a palladium dip may be inferior because of the 
usually poor adhesion of immersion coatings of 
palladium to the base metal. The adhesion of the 
nickel to aluminum surfaces is unsatisfactory, bu 
can be improved if the aluminum is given a zincate 
dip prior to immersion in the reducing solution. 


VII. Physical Properties of the Deposits 
1. Microstructure 


As shown by figures 1, 2, and 3, the deposits 
have laminations running parallel to the base 
metal, and within each layer there is a columnar 
structure perpendicular to the base metal. Figures 
2 and 3 show that upon heating, precipitation 
occurs, 


2. Hardness 


The hardness of the electroless nickel deposits 
is greater than that of electrodeposited nickel. 
The Knoop hardness number for nickel, electro- 
deposited in a Watts type bath, may vary from 
120 to 450. For the electroless nickel from the 
alkaline citrate solution, the hardness is about 
425, and from the ammoniacal solution containing 
no organic salts, about 530. Deposits from the 
acid-nickel solution have an average hardness of 
about 500. Upon heating the electroless nickel 
deposits, their hardness is increased; this is in 
contrast to the so-called “hard” nickel that is 
usually electrodeposited from a bath containing 
ammonium salts and has an initial hardness of 
about 500, but which softens uvon heating. A 
possible explanation of this difference may be the 
occurrence of precipitation hardening in the elec- 
troless deposits. As formed, the electroless de- 
posits are brittle, but they become ductile upon 
heating. 
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Ficure 1. Electroless nickel deposit from an acid solution showing laminations and columnar structure, X 500 


Knoop hardness number 500 


Ficure 2. Electroless nickel deposit, after annealing at 400° C for % hr, * 500. 
Knoop hardness number 800. 
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Ficure 3. Electroless nickel deposit, after annealing at 800° C for ‘4 hr, showing apparent precipitation, 





~ 500 


Knoop hardness number 470 


3. Magnetic Properties 


Qualitative measurements of magnetic proper- 
ties were made by measuring the attractive force 
of a permanent magnet for the coating. It was 
found that the electroless nickel is not as magnetic 
as electrodeposits from the Watts nickel bath. 
The magnetic properties of electroless nickel are 
increased by annealing at 400° C for about 30 
minutes. 

4. Appearance 


In general, the alkaline nickel solutions produce 
the brightest deposits. Deposits from the acid- 
nickel solutions can be brightened somewhat by 
the addition of cobalt or very small amounts of 
cadmium (0.01 g/liter), but by such additions, the 
rate of deposition is decreased. The cobalt de- 
posits are dull (similar to electroplated cobalt in 
appearance) and tend to be dark when deposited 
at high rates. 


5. Corrosion Resistance 


In the 20-percent salt-spray test, electroless 
nickel, deposited on steel from either the acid or 
alkaline solutions, affords protection to the steel 
equal to that of electroplated nickel. The cobalt 
deposits from the citrate solutions give protection 
to steel superior to those from the tartrate solu- 
tions, but neither are comparable to electroplated 


deposits of the same thickness. The electroless 
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deposits of Co-Ni alloy fail in the salt spr 
sooner than the single deposits of cobalt or nick 


6. Composition 


Nickel deposits from the alkaline solutions co:- 
tain an average of 93.5 percent of nickel and fro! 
the acid solutions, an average of 93.1 percent | 
nickel. The electroless cobalt deposits conta 
94.5 percent of cobalt. Although quantitati 
analysis has not been made, qualitative tes 
indicate that the deposits contain considera! 
amounts of phosphides. 


7. Reaction with Ferric Chloride 


By immersing electroless nickel deposits in « 
acid solution of ferric chloride, 200 g/liter, 1! 
metallic surface is blackened. It has not be: 
possible to produce a uniform degree of blacke»: 
ing, and hence this property has little commerce: 
value. The black nickel 
protect steel in the 20-percent salt spray tests « 
well as does electroplated black nickel of 1! 


electroless does no! 


same thickness. 
VIII. Possible Analytical Applications 
1. Detection of Palladium 


As previously described, reduction in 
hypophosphite solutions can be initiated by | 


presence of small amounts of palladium. |: 
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‘rankel ® used this reaction to detect palla- 

They added the unknown to a hot solution 
ning nickel and hyposphite and observed 
ormation of a powder or mirror of nickel on 
vall of the test tube. They were able to 


( one part of palladium in a billion parts of 


s 
yution 

\s a result of our work, an alternative pro- 
dure is suggested as being more direct. <A 
eaned copper wire is immersed in an acidified 
ution to be tested; any palladium present will 
Nickel 
ill then reduce on the wire upon introducing 
w latter into the typical electroless hypophos- 
bhite solution (composition suggested in section 
This is not a specific test, as rhodium 


snd to be reduced on the copper surface. 


], 1, (a). 
vill also cause copper to react in a similar manner. 


deut. chem. Ges. 65, [|B], 539 (1932), 
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2. Quantitative Reduction of Nickel 


Paal and Freiderici © reduced nickel compounds 
to the metal in an ammoniacal hypophosphite and 
tartrate solution. They were not able to obtain 
complete precipitation of the metal by this method. 

In the present studies, a quantitative reduction 
of nickel was obtained by increasing the con- 
centration of the sodium hypophosphite to 50 
g/liter and that of ammonium chloride to about 
600 g/liter. The reaction occurred spontaneously 
without a catalyst being present. The nickel 
powder was separated by filtration, leaving the 
filtrate free from nickel as indicated by a test 
with dimethylglyoxime. The utility of this separa- 
tion has not been investigated. 


WasHINnGTon, July 18, 1947. 


Ber. deut. chem. Ges. 64, 1766 to 1776 (1931) 
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in section II 3, for a tube of finite length. 
equations 9e, 9f, ete. 
of tubes of infinite length. 
deseribed in section ITT. 


section IV. 


I. Introduction 


The countercurrent electromigration method 
has been found to give isotope separation in the 
case of potassium [1, 2]* and chlorine [3]. In 
the present report some diffusion problems of this 
Formulas 
are given for the calculation of the concentration 
along the tube. Some typical numerical examples 
are given to illustrate the use of the formulas and 


method are treated mathematically. 


graphs and to show the variation of concentration 
with time and distance. 


II. Calculations 
1. Notation 


n,-number of more mobile ions per cubic 
centimeter (supposedly light). 
m,—number of less mobile ions per cubic 
centimeter (supposedly heavy). 
u,— mobilities of light and heavy ions respec- 
tively. 
effective diffusion coefficients of light 
and heavy ions. 
r=velocity of liquid flow (positive when 
toward cathode). 
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iper Willappear in volume 6, division III, of the Manhattan Project 

Series 

r of Physies, University of Wisconsin, now, Yale University 
was on the staff of the National Bureau of Standards in connec 

he initiation of the atomic-energy project When this work was done 
nm brackets indicate the literature references at the end of this 
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a), (b), (e), (d), (e), and (f) in seetion II, 2, of this paper 


Calculations on Countercurrent Electromigration 
By G. Breit * and F. L. Friedman 


The mathematical problems presented by the countercurrent electrolysis method for 


isotope separation are treated under the simplified assumptions described in the text as 


The solutions are worked out 


The formulas are put into numerical form in 
Simpler formulas are obtained in section II, 4, in the approximation 
Some of the results are presented in the form of graphs that are 


The orders of magnitude of effects to be expected are discussed in 


E=electric field (positive when 
from anode to cathode). 
normal values of n), m,. 
uz=—common symbol for yu, or uw, if distin 
guishing between them is immaterial. 
D=common symbol for J), or D), if distin- 
guishing between them is immaterial. 
r—distance tube 
anode to cathode. 
V= volume of cathode compartment. 


directed 


ni, Ny, 


along measured from 


A=cross sectional area of tube free to carry 
electric current. 
Au= Hi Mn- 
L=\length of tube. 
t=time counted from beginning of experi- 
ment. 
L’=V/A=effective length of cathode. 


2. Simplifying Assumptions and Basic Equations 


It is assumed that: (a) The mobilities and the 
diffusion coefficients have the same values through- 
out the tube. This is not true, but it is felt that 
the variation of these quantities may be neglected 
for the present preliminary estimates. (b) The 
electric field is assumed to be constant along the 
tube. This is also not strictly true. As_ the 
electric field could be maintained at a constant 
value, this assumption should not matter much. 
(c) The cathode is assumed to be stirred per- 
feetly. (d) The concentrations in the anode are 
supposed to be maintained at their normal 
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values. (e) The solution is supposed to be com- 
pletely dissociated. (f) Forces acting on ions due 
to space charge effects are neglected. 

At a point in the tube having distance, 7, from 
the anode the flux of light ions is 


on 1 


on (u, f+ rn ns (1) 


The first term takes account of the combined 
action of the electric field which gives rise to the 
migration and of the counter current velocity, ¢. 
One has, therefore, 


Ont je| Mel r)—D, on -9 () 


or on 
ort + 2 ma(unk t+v)—D, =] 0 


for the equations expressing equilibrium of the 
light and heavy ions within the tube. At the 
cathode compartment r= L. Since the liquid 
inside the cathode is stirred one has 


(2a) 


V on . On; 
A > ; (u,k r)ni— dD, or (r L) (2b) 
Von Se = 
A ot n= (unE+v)n,—D, <" L) (2e) 
It is convenient to introduce 
a,—p,E +r, a,=p,E+2 (2d) 
a; ' ay, ' - 
wD, DB, _ 
a, Th 
£, dD ry Ep D A (2f) 
ad, I» 
. wita 
r; dD, L, Ay dD, L (<2) 
V a, V ) hg } sy 
"=A D, AL™=] MM=T MCh) 


This amounts to introducing units that are some- 
what more natural for the discussion than the 
original units. In terms of the natural units one 
has instead of eq 2 and 2a; 


On; On, _ On, On, On, On, 


Or, O&% OE, Or. OFF OE, 













The conditions for the cathode compartiny unet 
become 
n 
=) On.\ , (m 9:),. 
(> o, ¥ (m- az)? (9 % Om (m4 2! $ 
The problem is defined by equations 3, 3a, and th | 
conditions » funct 
n,(0,t) =nj, n,(0,t) = ny bndary 
n(r£,0) =n), N,(r,0) =n, % F 
which express the fact that at all times the eq 
centrations are normal at the anode and also thffe first « 
at t—0 the concentrations are normal throughow}tffeq 3a. 
the tube. makin, 
Since the equations are of the same form for | 
and n,, the indices 7 and A may be dropped iy’ 
most of the work. 
oe initia 
3. Tube of Finite Length _ ‘emer 
In this section an exact solution for a tube ollgiie the: 
finite length is given. The motion of one isotope Wrombir 
only is considered and the formulas are suppose 
to be applied by working out separately the con @,. ;\)-' 


centrations of the two isotopes. The indices /. | 
are omitted in the discussion of the behaviour of « 
single isotope. The equation 


minati 


On On , On 


Or det oe 
ca aia = order 
is being solved subject to boundary conditions 
ja, 3b, and 3c). 
For s=©@ one has in addition 
» funet 
n(&, o)—neF. } 
The solution can be constructed by expanding tl 
initial state in terms of a complete set of functions = 
For y=0 the functions are mutually orthogon 
and the method is then well known. For y= thy’ - 
° iP 
functions are not mutually orthogonal. It i 
—— a = - niles sabl 
neve rthe less possible to give an explicit usa apres 
solution in this case also. 
Equation 4 is first transformed by 
n=e?N $}) 
It assumes the form 
oN N_ _ oN ' 
3 { 
of ~ 4 OF 
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they tion n is expanded as 
n(t, 7) = net +-e&? S) aw, (d)e-F (4d) 
On ’ 
or } re tje~*" are solutions of eq 4c so that 
dr, ( l 
, 8, — )r 0). (4e) 
de + \ i 4 t 
ud t 
TM! functions vr, are taken so as to satisfy the 
ob ndary conditions 
dv, ] , 
7, (0) 0, % | ; (B+, ) 00) (4f) 
tt 
» tha La first of these corresponds to eq 3b, the second 
tho a 3a. The condition in eq 3c is taken care of 
making 
Or . 
“dl i 2n° sinh 5+ >) aw,(t)=0 (4g) 
initial conditions are satisfied automatically 
a result of eq 4f and 4g. It remains to deter- 
we ve the as 
to Mombining two previous equations one has 
tis 
’ , , *A 
COn- rire. (Xr ve. (A)v,(A) (B;- 3.) | v,(£)v,(é)dé 
/ J0 


minating 7, ¢, by means of eq 4f, one has for i#) 


| jee 


order to expand the function 


(E\dE+ yr; (A)vo,(A) =0. (5 


2n° sinh (£/2) =f(£) = Saw, (£) (5a) 
| =e ; ; 
‘functions ¢,(£) are first normalized to unity: 
"> 
v?(t)d—i=1 (5b) 
Ul J 
Hs , ‘ " 
integration one obtains from eq 5a, 
i A” 
‘ - 
a— yd Se (d)e,)(Na,—f,, f | r(eyf(ed— (Se) 
x J 
¢ abbreviations 
0,=—0,(A), e—Zar f(r) (5d) 
LA 
n(é,r) =n ef — - ne 2 
s=0 
9 
» 
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are introduced. In terms of these, eq 5c gives 


Sitywo 


a,= 1+ (5e) 


The boundary conditions in eq 4f and the nor- 
malization in eq 5b are satisfied by 


_y2/dsinh (rg (2). 


X(E) ; y 1—48, r=real number 
é ysinh rA/rA—1" ‘ 
(6) 
where 
rr r : 
tanh (Ga) 


214+ y7(1—P)/2 
determines r. 

Equation 4c is similar in form to the time de- 
pendent wave equation in wave mechanics. Only 
real B2O need therefore. Ac- 
cordingly, only real or pure imaginary values of 


be considered, 


r are of interest. 

For y20, \>0 eq 6a has in addition to r 
most one real root for r and this lies in 0<r<1, 
In addition there are pure imaginary roots 


oO at 


r=, (6b) 


These satisfy 


tan ( 7 a ; =i 


ps*)/2 (He) 


There is an infinite number of roots p, forming a 
discrete set. 

If the velocity of the liquid is higher than the 
migration velocity then \ and y have negative 


values. From eq 6a one obtains 
l l+r1l+y(1—r)/2 ? 
= ) 
d - m| | r1+y(+r)/2 (6d) 
For ¥ 2, values of r in 0<r<1+2/y give 
; 4 . 
values of \ in - a1 A>—o. For y>—2 


there are no real roots for r. For a<0 there ts 
thus also at most one real root for r 

Performing the calculation according to eq 4d, 
5a, 5e, and making use of eq 6a and 6c, it is found 
that 


$ i ae OD a 
sinh ~~ sinh —> ¢ 
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where the summation covers real and imaginary 
r,. For imaginary r, eq. 6b and 6c are used and 


n(Xr, r) 


gives the concentration at the cathode. For large 
positive y the real root moves toward unity so 
that ry.=1- In this limit one has 
approximately 


e where e< <1. 


(8) 
The imaginary roots contribute terms in 1/7? and 
become small for y->e. Equation 7a gives in 
this limit 


-? 


(e—] ' 
n(d, 7) =n°e—n? (A — le” (Sa) 


so that the approximate time constant in units 
D/a? is 
r°=y(e—1), (Sb) 


which corresponds to a time constant in seconds 
1" 


—_ . = 
7 yo (e 1) (Se) 


1 then 


VL LL 
~AD~ D 


If in addition A\<.- 


ye (Sd) 


If a0, eq 8 to 8d still hold for large values of —y. 


For a small cathode compartment, one has the 
simpler formulas: 
n(&, 7) 
op Mel « » Ft —j(l—r)e 
sinh-> sinh 3 


1+r3+2/r 


2. re 


n(x, 7) ; 
s=0 (1—7r?)(—1 


+ p?24+.2/)) 

(9a) 
For y=0, \=2, the real root is in the process of 
becoming imaginary, and the corresponding term 
in the above formulas needs special consideration 
becoming indeterminate. Making A\=2-+e with 
e->0 it is found that: 


n(é, r) =n°et— 


§—2 
<a 
nve~ \ dk 


©. sin p, sin (p,¢/2)e7 Se" 
Lys p pt é | (9b) 


— 9)\2 
1 (Ps 2) 





sinh (r,A/2) is replaced by ¢ sin (p,A/2). 
As a special case 


a —}a-r2)r 
€ 


8 i—r 
n°? —* 9°25 SE — 
d on ee 4 ee ay Be re at 
(3 , rf (+3) | r(1+3) ms 


wo 
O,2 o| Ge ~80r i 
Dp —— w > t 
ne n é 3 ‘14 2 


Ber 


n(A, 7) 


In this case the roots are known and are tabuly 

in Jahneke-Emde [4]. Substitution of nun 

gives 
n(r, 7) /n° =e? — Ge" — 0. 18876e7 1" — 
0.06592e7 2" — 0.033367" — 0.0201 Le> 
0.01344e7>*" — 0.0096 27% — 0.00722¢-* 
0.005627" — 0.0044 96e~ " — 0.00368e >?" 
0.00307 67 8"" — 0.002595e7 82" — 0.002236 °°" 
0.001929e~- 84" — 0.00 1688e -95"— 0.00 14896 % 
0.001324e787" — 0.001 1846 *" — 0.00 10666 °° 
0.00096 5e7 2" — 0.000877 e~*21" — 0.00080 Le? 


hich g 


Also 

a 2. ane ad 

n(1, r)=n°e— { 3e~ er —0.15087e-*1"- 
veé 

0.04388e~ ** +-0.02473¢~%" + 
0.01374e7 "4" — 0.0097 9e~*5" — 
0.00664e~%" + 0.00522¢~ 7 +- 
0.00390e~ 9" — 0.00323 ~ 5" 


The 8's in eq 9d and in 9e are given by: 
1 1 1 
Bo= 4’ 8: =o 1g876’ 8 =0,06592" © o.0 Subs’ 
at th 


In order to see how the cathode volume aff 
uch 


the results, the above solution can be compa 
with that for \=2, y=15.2195. The choice 0 
in this calculation is made so as to give r >! 
Approximate values of the p’s are p,=3.18, ; 
6.30, p»=9.44. For the cathode, one obtains 
means of eq 7a, 


n 


ames 7.3891 —6.3885e7°-00%" — 
n 


0.00043¢e72-75" -~0). 000046 —30. 2" 


which shows that in this case only the first ' 

having the time constant 7=101D/a? is of nf 
importance. The approximation in eq Sb ¢ 

T=97D/@ and is suitable for an approximate © 
mate for this y and A. Because of the more ™ 
convergence of the series, calculations with |e 
y are easier than with small y. 
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abula 
num! 


her example of the application of eq 7a is 
r=0.90, y=2.6995 for which p,=3.331, 
6.394, and 


")  =7,3891—6.376¢e-%" — 0.0113 2¢-8-025" — 


A 


0.001 15e-"** —0.00025e-"*"— . . . (9f) 
An example for negative a may also be given: 


1 »=0.50, y= —8.111, p, = 6.359, p= 12.605, 
hich gives 
dr 


) =0.36788 + 0.6319¢ 7164 
t=) 
0.00028e—""*"+- . . . (9g) 


A consideration of these examples shows that 
ra rather large range of values of y, the term in 
The relation 
y(&—1) for its time constant can be improved 
1 by using a graphical or numerical solution of 


' is the last important one. 


— rr r 
ih = > . 
ae 2 14+ y70—P)?2 
ud setting 


4 


l—r 
4. Tubes of Infinite Length 


Substitution of different + into eq 9d, 9e shows 
at the concentration at the cathode builds up 
uch more rapidly than in the middle of the tube. 
times appreciably smaller than the time con- 
ut the effect of the anode is, therefore. not 
portant, and the calculation of exact solutions 
volves a needless amount of work. The initial 
iges of the building up of the concentration 
1 be studied by supposing that the tube is 
finitely long because the solution for an infinite 
he gives practically zero concentration at the 
ode 

In discussing a tube of infinite length it is con- 
hient to measure lengths from the cathode 


“iuemg 


n=A—é (10) 
ifferential equation is 


orn on On 


mJ (10 
On* ‘On OF *) 
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and the boundary condition at the cathode is 


conveniently expressed in terms of 


fe) 


> (10b) 


m 


n 
+n 
n 


for which 


(> s —m )., (+ ~ — x 0 


The quantity m is the flux density of ions divided 
It has proved convenient to use m in con- 


(10e) 


by a. 
; , om 
structing the solution because m—y = has the 


simple initial condition of being 1 throughout the 
length of the tube. It is thus possible to construct 
first the solution for y=0, to equate the m ob- 


; om , 
tained for y=0 to m—y = and derive m for any 


y. From m, one obtains n by quadratures. 
For a>0, one finds 


vale ow 3h 0(7 2) ]4 


y 
1 


1 *1hi-o()]+ 


"Toe 


V 


where 


(1) =— e-"dr, &(—r)=— P(r). (lla) 


\ Tv 
For 7=0 i. e. for the cathode the above formula 
is somewhat shorter: 


ae 
ty) (+, )+ 
( W487) + 


(y+-2) 
— y7 . (1b) 


r/4 
Fo +y) 2(1+7)° 


and for y=0, the following simple form obtains: 


n—n° (atr l HTT 
S \T Te ir 3) 0(22)|+ 
e* . eh : 
y(t ok o(7—)| (11e) 
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The values of (7) are available in Jahnke-Emde 
[4] in good detail and numerical calculation by 
means of ea. 11, 11b, and Ile is straightforward. 
A convenient form of m is 


. 
(ner) 2yr 


m 1 
e-*dr— 


n° 3 Te 0 


e" { d . 
e-"a2-++ 
yr(1+ Y) (n—r)/2yv 7 


2+7 
yr(l+y) 


ert? ytr/y* e-7'dr. 


(11d) 


-.aF 
(qt+r)/2y 7 +— 
y 


For a<0, \, n, y are negative and rf is positive. 
In place of eq 11, 11b, lle, and 11d one has 


n—n° \t/r ae n+ ‘| 
=<— —(er7)s/s7 +4 ( 

n° I+y° [1 ay7)\* 
e~"| r—9 l 1) 

I yt ‘lb *(3 7) id 
2 a ME ert, wt 

it i+ef — a Ag TS 

ain | (7+) | 


(12) 


\t/r : l \T 
~ 1+7° ak -0(35)|+ 
l T m l 1 (7 
2, 1+y° (1+y¥)? ) J+ 
(2+y)7 ~+5] pief( vt, vr 
Gav af o(37437) 
(12a) 
“ve 2 l ? 9TT 
2 (+ 
ge g-T : 
y(t nd[1+4(3-*)] (12b) 


while for arbitrary y<0 


(ot ) 
l atri2yr ; 
| edz 


\ 7/0 


and for y=0 


(=) Jt - 
- e 
a” - 


y=0 \r 


e7 (n—r)/2yr 
a J e-"dr- 
Vl rye 


2+¥ r+ *(intril2vrty rly , 
e773 e-dr 


- (12¢) 
y r(1+-y) 
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The verification of the above equations | 
substitution into the differential equation and ¢) 
boundary conditions is straightforward and is yp 
reproduced in this report. 


III. Description of Figures 


In figure 1 there is shown the dependence » 
(n—n)°/n®° on 7 at the cathode for a tube of infiniy 
length. The curve for zero cathode volun 
(y=0) is parabolic in shape at the origin. Thy 


initial rate at which the concentration build 


itself up is seen to be very high. This is beeaus 


the cathode has zero volume so that the initinff 


rate is infinite. As time goes on the material coy 


centrated at the end of the tube diffuses through of 
volume proportional to yr. The rate at which thf 
concentrated material is being fed to this volumt} 
j ponds { 


p+ ---- 


| 
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Fiaure 1. 


O16 =6018 O20 022 


A=o, n=0; 1 are points from X=2, + =0, § =2. 


1. Parabola 0.17 y 70.0200; 2. y=0: 3. osculating parabola 24 rx; 4 tar 
5 y=0.1;6. y=1 


is proportional to 7 and the concentration » 
therefore proportional to t/¥r=yr. This is, « 
course, not an exact consideration, because th 
rate at which the concentrated material is bein 


fed to the end of the tube depends on the concen} 


tration at neighboring places. The paraboli 


approximation is not bad, however, as is seen if 


figure 1, where the dotted curve above the curv 
for y=0 is a parabola 0.17 ¥7/.0200, chosen so %& 
to give a good overall fit and the dotted curv 
below the curve for y=0 is the osculating parabola 
2yr/x. 
contact with the curve for y=0. In figure | there 


are shown also, as crosses, points that corresponf 
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The latter curve makes a second-degreef 
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y\. 2. £=2. y=0. These are seen to fall on the 
ive o, £=2, y=0 to within the accuracy of 
vw drawing. A close agreement of the two curves 
hn be expected beeause the diffusion distance in 
atural units (D/a) is of the order ¥r~0.15 for 
he larger rt in figure 1, while the length of the 
Bube in the same units is 2. The time in figure 1 
wy thus be considered so short that the concen- 
rated solution has not yet diffused to the anode. 
{ is satisfactory in this case to make computations 
f the initial stage of the enrichment on the sim- 


‘auspplilied assumption of an infinitely long tube 


hitia 
Cor 
wh 
h th 
lum 


d 
Figure 2 corresponds to negative a i. e. to the 


emoval of ions from the eathode end. In this 
ase n—n°® is negative and, therefore, —(n—n°)/n® 


Bs plotted as ordinate. A large ordinate corre- 


ponds to a small concentration in this figure and 
he cathode volume is zero. For 7r=1, the con- 
rentration is reduced to about 1/3 of its original 
yalue. The lower curve is drawn on an expanded 
ime scale so as to show more detail in the initial 
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Figure 2. 


0,n=0. 1. Remaining concentration divided by n°=n/n 
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In figure 3 a comparison is made between the 
relative enrichment obtained by having the 
countercurrent balance exactly one or the other 
ion type that it is desired to separate. In this and 
some succeeding figures a positive a that corre- 
sponds to feeding an isotope into the cathode is 
referred to by the subseript “pos” and a negative 


‘J¥« that corresponds to washing an isotope out of 


the cathode is similarly referred to by the subscript 
“nee The lower curve in figure 3 corresponds 
to having the countercurrent of proper strength 
to balanee the migration velocity of the slower 
Iso If the initial concentrations of the more 
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A ° ol,n ! +("2°) 2 ( - ) os 
n ez 
mobile and less mobile isotopes are n,, , respec- 
tively, then at the time ¢ this ratio is 


Ny N, " n - 
1+(252") a3 
Ny Nn, ne pos 


and the factor by which this concentration is 
increased is unity, plus the quantity plotted for 
the lower curve. 

If, on the other hand, the countercurrent is 
adjusted to balance the more mobile isotope, then 
the isotope of smaller migration velocity is being 
drawn out from the cathode and after a time ¢ 


ni 


n, 
ny n—n° 
Ny, 1+( 5 ) 
" nea 


nly 1+ = | (13a) 


‘ 
nN, " n~ 
. y ( : ) 
ne neg 


The quantity in square brackets is plotted as the 
upper curve in figure 3. It represents, as before, 
the ratio of concentrations divided by its initial 
value and minus 1: 


hij Ny 
n,/N, 


It will be noted that for quite a while there is no 
marked difference in the two ways of adjusting the 
counter flow that have been considered. 

In figure 4 five curves are shown. All of them 
are for a tube of infinite length. The lower pair 
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of curves is for y|=0.1. In this pair the upper 
curve corresponds to an adjustment of counter 
flow corresponding to eq 13a, the lower to an ad- 
justment corresponding to eq 13. The less mobile 
isotope is being pumped out of the cathode for the 
upper curve, the more mobile isotope is being 
pumped into the cathode for the lower. 





3-———_— 








02 
FiGuRE 4, 


n—n 1 
.( n os _ ‘1+(*5*) = 
ace 


The three upper curves in figure 4 are for a tube 
of infinite length and zero cathode volume. 
Among these the highest curve, 17, corresponds 
to countercurrent adjustment in eq 13a, the 
lowest to eq 13. The curve in between, curve M, 
corresponds to a countercurrent adjustment in 
which the arithmetic mean of the migration 
velocities of the more mobile and less mobile 
isotopes is equal to the velocity of the liquid. 

The value of a for eq 13a is —|u;—p,|F and for 
eq 13 it is +|u:—y, /&. In the computation for the 
middle curve in the upper set of three in figure 4 
the value of @ is +|u,;—,|//2 and in accordance 
with eq 2e, the value of + for a given tis 4 of what it 
isfora=+ u,—p FE. For this reason the abscissae 
for curve M were made to be 47. In this way the 
same value of the abscissae for the curves /7, M, 
L corresponds to the same time, ¢. 

The curve, \/, was computed by plotting 
[Cn oon! (/R neg] 1 as ordinate and 47 as 
It is seen that the curve M falls nearly 
half way between // and ZL. This indicates that 
the exact adjustment of the countercurrent does 
not critically affect the ratio of the abundances of 


abscissae. 


the two isotopes as long as there is an approxi- 
mate balance of migration velocity and counter 
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flow. With the idealized conditions assume! he» 
the relative enrichment in the cathode is chang, 
more rapidly by having the counter flow too hig 
rather than too low. 

The way in which the three typical adjust men 
of countercurrent give about the same result { 
small enrichments can be illustrated also in tery 
of a formula for small enrichments for y=0. (y, 
has approximately 


(n/n°) poe 1+-2y 7/4, (n/N )neg™1—2yr/e 


so that 


(= a 
. n° 


nee 


which shows the approximate equivalence 
countercurrent adjustments, 77 and ZL. Also, fu 
the countercurrent adjustments of the curve \ 





1+2,r7 an PA a 


1~241r/z, 


1—2y1/x (n/n°) neg 


so that the quantity M is the same function ¢ 
47 as H, L are of r. 

For \'40 a change in the countercurrent gives 
a change in y. For small ¢ the three types of coun 
tercurrent adjustment give nearly the same resul! 
In this case 


=_— = 2 oe oe - 


n T 
~ 
~1 
( n° a + Yo| 


where Yo -V(n, —p,) FE, AD. 


n 
(3). 
nh” /neg | Yo 


For the arithmetic mean countercurrent adjus- 
ment, 


Similarly 


(n/n®) pos _ Ar 
PA) 7 7 - 
(n/N~ ) neg l-yol 


and the result is nearly the same as if the counter 
current were adjusted to keep one of the isotope: 
stationary with respect to the tube. 

In figure 5 the behaviour of a tube of infin! 
length is compared with that of a tube of fin 
length in the special case of zero cathode volun 
The concentration of an isotope at the eathou 
end is plotted against + in both cases. Tl! 
equilibrium concentration for the tube of fin) 
length is taken to be e?=7.4. Up to r=2, theres 





Journal of Research 








1e.1 hen 
Change 
too high 


ist ment 
psult fy 
in term 











Fiagure 5. 


7y=0,n=0. 1. 


much difference between the two tubes. The 
beentration increases to about four times the 
ial value at this r. For 7>4, the slope of the 
ve for the tube of finite length decreases rapidly 
that it will not pay to run above this value. 
2 with an infinitely long 
has already been made for small 7 in figure 1. 

initial stage of the divergence between the 
» curves can be seen in figure 6. 


‘comparison of A 
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ire 7 the dependence of concentration of a 
<otope on 7 is illustrated for y=0 at differ- 
points along a tube of infinite length. The 
ii velocity is supposed to be greater than 
itereurrent corresponding to a positive a. 
athode end the concentration increases 
being proportional to yr forsmall r. For 
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are from A=; 0 are from A=2. 1 
4. n=0 


=0.00; 2. n=0.10, 3. n=0.25; 


points farther away from the cathode the initial 
portion of the curve is flat and is followed by an 
approximately linear rise. The initial flat stage 
can be thought of as corresponding to the time 
during which the concentration that first develops 
at the cathode diffuses to the point under con- 
sideration. In figure 7 there are also shown points 
that correspond to a tube of finite length with 
A=2. These are seen to fall very closely on the 
curve for A= ©. 
for the small 7 covered in this figure there is prac- 
tically no effect at the anode end so that it does 
not matter whether the concentration at the anode 
is maintained at its initial value or not. 

In figures 8 and 9 there is illustrated the varia- 


This is to be expected, because 
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Ficure 10. 
l.Aea 1 r=0.162 r-0.01 


tion with distance of [(n—n°)/n°] gos i.e. of the 
fractional increase of concentration for the case 
of feeding the isotope towards the cathode. The 
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cathode volume was taken to be zero for thy 
figures, and the tube is infinitely long. 

In figure 10 the variation of concentration y 
distance is illustrated for a finite cathode voly 
corresponding to y=1. The tube is assy 
infinitely long and a>0 for this figure. 

In figure 11 there is illustrated the variatio: 
concentration along the tube for the const 
used in eq 9f. The computation can be mad 
means of formula 9. The term 7° outside ; 
sum is referred to as the “equilibrium ter 
The way in which the successive terms in | 
series converge is illustrated by the three ew 
The first curve is marked “ equilibrium + (/ 
represents the effeet of the term n°e and of 
first term in the summation in eq 9. The see 
curve is marked “equilibrium-+- (79) + (p 
includes, in addition to the two previous ter 
also the second term in the summation whic! 
due to the root p; This curve is already a 
approximation to the answer. The third ev 
includes the effeet of the root p. and is mai 
“equilibrium + (79) + (p:) + (p2)””. It is’ practic: 
the answer. The special value, r=0.16, was ws 
for all curves in this figure. 

In figure 12 there is illustrated the superposi| 
of terms for A=—1, y=—8.1106, r=0.16 as 


eq 9g. 


g 

In this case the isotope is being pumped ow! 
the cathode. The convention regarding laly 
curves is the same as in figure 10. The converge 
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Figure 11, 
h=?, y=2.0008, r=0.16. 1, Equilibrium+(r,)+(,) +(e): 2. equilibr 
(> )+G@,). 3. equilibrium+“,). 
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Figure 12. 


8.1106, r=0.16. 1. Equilibrium+(r,); 2. (9,) 19% contribution. 


The curve for “equilibrium (7)”’ 
The contribution due 


is very good. 
is practically the answer. 
to the term in p; multiplied by 10* is shown also 
in the lower part of the figure. 

In figure 13 small A and large y are employed, 
24.022. 


0 only the real root need be 


A\=1/5 and ¥ The convergence is so 
rapid that even at 7 
considered. For r=1.6, ten times the + used in 
the two preceding figures, the distribution along 


the tube is not far from linear. 
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IV. Discussion 
1. Orders of Magnitude. 
uppears that the 
ino vilities is of the order of (444,/M.— 1)» where u 
mobility and M,, 7, are the masses of the 


possible difference in 
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ions. For At, the experimental value of uw is 
= em? - P 
~ 6.610 a ont The effect of convection on 
-3ec 


D,, D, due to thermal effeets is not known. A 
lower limit for )),, 2, ean be obtained from the 
relations 


é D, ‘ 


My LT iy Ba pp Yr 


Here t 


is the ionic charge and not the electronic charge. 


which follow from statistical mechanics. 


For a singly charged ion, ¢ is minus the charge on 


the electren. At room temperatures for singly 


charged ions the above formulas give 
ene ) 
V-sec 


adjusted to balance the 


, . en : 
D— 0? 6u ( D) in — ;min 


For a countercurrent 


slower ion one has, assuming 


6.61074 
200 


~~ 


10k 


a Ou 


where / is in vem. Hence 


- 


-e> . ma . 
< . Er=0.2 Ey. 
4 


5 1.71075 


A change in & by 1 corresponds in this case to a 
drop of 5 v along the tube. More generally, for 
the same countercurrent adjustment, and singly 


charged ions 


Auvekr ., 
u kT 7 


fer 


Az .. 
39" times voltage drop 
m 


Here Au is the absolute value of the difference in 
mobilities. Thus if Au/u=1/1,000 then 26 v are 
required to change — by unity and to give a factor, 
e, in the concentration in equilibrium. 

The quantity 7 can be considered as the time in 
units D/a®, For A* this unit is of the order 


1.6 * 10° sec/ Ek? = 430 hr/ 


where Fis in v/em and the countercurrent adjust- 
ment issuch as to keep one of the ions stationary. 
In the example of figure 5 one may consider r~2 as 
corresponding to the time which it takes to reach 
half equilibrium, and the time constant is in this 
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cease of the order 1,000 hr/E*. More generally 


the natural unit of time is 


D 
(Ap)*k? 


On account of the large uncertainty in Ay for 
uranium this unit cannot be computed with cer- 
tainty. Since Au enters to the square, a decrease 
in Aw by a factor 10 brings about an embarrassing 
increase of a factor 100 in the time unit. For 
a small cathode volume i. e. for small y, the 
‘natural’ unit of time is the main thing that 
matters so that a sufficiently large Ay is then 
especially important for a small time constant. 

On the other hand, if y is large the value of +r 
corresponding to half equilibrium is much greater 
than unity as is seen in the examples following 
eq %e. According to eq Sec for a fixed X, the 
difference of mobility enters only once in the 
denominator in this case. For A™ assuming 
Ap= pb) and taking V=20 em*, A=1 em? the time 
constant is 


6™ 10° see. 


2,000 hr ( 
iD ; 


I e*—1) 


(e*— 1) 


It is interesting to note that if the equilibrium 
enrichment factor & is kept fixed and if y is large 
enough to make formula Sb applicable then the 
time constant does not depend on the diffusion 
constant, D, but only on the difference of mobil- 
ity Su. In order, however, that \ be fixed for 
different D) and FE, one has to vary the length, Z. 
For a tube 30 em long with 90 v applied having a 
free cross-sectional area 1 em’ and a cathode 
volume V=20 em‘, one has in the absence of 
convection and for Ap/u='/y0, A=17.5, y=12. 
An enormous equilibrium concentration of e? could 
be obtained in theory in such a case, but it would 
also take an impractical time to approach this 


equilibrium. It is doubtful, however, that D can 


. em 
be as small as assumed (1.7 ie ) because of 
s 


the convection currents. 
The values \=2, ¥ 
of 9f) in the absence of convection for Aw p='/2 
correspond to 10 v applied to the tube. If the tube 
is 30 em long and has a free cross-sectional area 
of 1 em’, the cathode compartment would have to 
be 40 em®, One has a=3.3 * 107° /3= 1.1 107° em, 
sec and V/A=40 em so that 7 =3 16° see ~ 10° hr 


2.6995, (used in example 
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which is of the order of 5,000 days. 





DB 


If this tubp 


were shortened to 3 em keeping V and A constay 
and the same voltage then \ remains unchange; 
and @ is increased by a factor 10 so that 7’ decreas 
to about 500 days. 

There isa large gain in the shortened time cop. 


stant due to shortening the tube for the same vol. 
This is because of the increased curren 


age. 





The gain is of no real help except through thy f 
increased current and the detection of a differene 
in ionic mobilities appears to be easiest with , 


large current in a long tube. st as 
wove f 

2. Equilibrium Concentration wr gel! 

’ , : ould 

In this section the coefficients of diffusion will BBjat it 
be decomposed into a part present in the stagnant Bij yong 
liquid and a part due to spurious causes such as By the 
convection and stirring, va 


D.=D),+8, D,=D,+B. 


It is supposed that the spurious effects give the 


same contribution @ to D, and D,. 


hold. 


where 


The counter current is supposed to be adjusted so 


that 


If @ 


migration velocity. 
posed to be necessarily zero. One has* from th: 
above equations, 


as 


*Prof. H. C, Urey first derived a special case of the above formula \ 
corresponds to B=0, @=1). 
stimulating discussion in this connection. 


0, then isotope A is kept stationary by th: 
combined action of the countereurcent and of the 


The relations 
a Saas 
Cai pp Vo w= pp Ys 
In equilibrium 


ny, ly 
Np N, 


ae pk v Tra TO 


L a+lD BT 


D—D; ef 
@ DBD ’-ErB) 


wren - 


v pw,(1 + 6) 


However, @ will not be sup- 


ce INIT kN 


ce al 


EL — D,—D, 
LT (A+ Di1+e)) (24D?) (B+ D*) 





he authors are indebted to Prof. Urey 
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Olistant . " kT a k7 Mi a 
ange; x= pp t > = . : — : 
ened “ kT Dd, For large B the logarithmic increment is seen to 
CUses . o; = ee x a 
eEL 198 Mee be a fraction D°/H of its value for B=0, 6=0. 
. eT”. In this limit the exact adjustment of the counter 
* COD. . . . 
1p , current is of no importance for the enrichment 
* VO. ope ° 
ies “ns ere at room temperatures factor at equilibrium. 
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\ctivity Coefficients in Aqueous Mixtures of Phosphates 
with Sodium Chloride, Sodium Bromide, and Sodium 
Iodide, and the pH of Phosphate Buffer Solutions 


By Roger G. Bates 







The electromotive force of cells with hydrogen electrodes and silver-silver bromide or 






silver-silver iodide electrodes was measured at 25° C. The electrolyte in each cell consisted 





of an aqueous mixture of (a) potassium dihydrogen phosphate, (b) disodium hydrogen 





phosphate, and (c) sodium bromide or sodium iodide. The molalities of (a) and (b) were 





always equal, whereas the ratio of the molality of (c) to that of (a) or (b) was 1, 0.5, or 0.2. 


The ionie strengths ranged from 0.04 to 0.25. The data are compared with similar measure- 






ments for phosphate-chloride mixtures reported in an earlier paper. At a given ionic strength, 


the activity-coefficient term, fu,po,fx/faro, Where X represents halide, increases when 





bromide at a given concentration is substituted for chloride at the same concentration, or 





when iodide replaces bromide. Accurate values for the pH of phosphate buffer solutions 





with and without added salt can be obtained only at low ionic strengths. 








ratio of chloride to buffer is varied. It is impossible 
to derive —log ay from these measurable quanti- 
ties without an estimate of f,,, and the evaluation 
of this ionic activity coefficient must rest partly 
upon arbitrary considerations. It must be 
realized that paH computed from the emf of cells 
without liquid junction is primarily a unit on an 
arbitrary seale, as is that determined by the 
usual pH assembly with a liquid junction |5, 6). 
Its significance in terms of thermodynamic 
constants may be limited to a small number of 
standard solutions of assigned paH and may not 
be imparted to mixtures of unknown composition 
whose paH it is desired to determine. 

The chloride ion plays a unique and important 
role in the derivation of paH from the emf of the 
hvdrogen-silver chloride cell without junction. 
However reasonable the assumptions involved in 
the computation may appear, their validity can 
usually not be affirmed. Hence, it is important 
abil to demonstrate the extent to which the properties 

n brackets indicate the literature references at the end of this of chloride ion, and of the silver-silver chloride 
lal scale of activity is used throughout this paper. The so-called electrede, influence the paH of the buffer solution 


pH”, —log an, will be designated paH, in accordance with the without chloride obtained bv these means. For 
ff Sérensen and Linderstrém-Lang [4]. Concentrations will be : 
lality (m). The symbol yu is used for ionic strength. 


I. Introduction 


During the past several years, methods for 
letermining activity pH (—log aq) for standard 
uiffer solutions from electromotive-force measure- 
nents of cells without liquid junction have been 
leveloped. These methods have been used to 
sign pH values to certain phosphate, phthalate, 
ud borate solutions prepared from Standard 
amples certified by the National Bureau of 
tandards [{1, 2, 3].' Cells with hydrogen and 
ilver-silver chloride electrodes were employed 
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mn) each instance. The eclectromotive-force data 
for aqueous mixtures of the buffers with sodium 
v potassium chloride afford an unequivocal 
determination of —log ayfe,, where fo, is the 
activity coefficient of chloride ion? for each solu- 
tion studied. Furthermore, the value of this 
quantity in a buffer solution without chloride 
can be ascertained by a suitable extrapolation 
from a series of determinations in which the molal 
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dihydrogen phosphate and disodium hydrogen 
phosphate were chosen. The paH of these solu- 
tions has already been calculated from measure- 
ments of —log a/c; in mixtures of the phosphate 
buffer with varving amounts of sodium chloride 
[1]. Sedium bromide and sodium iodide were 
added to equimolal phosphate buffers in such 
amounts that the ratios of the molality of halide 
to that of each phosphate had the three values 
1, 0.5, and 0.2. Measurements of the emf of 
hvdrogen-silver bromide and hydrogen-silver io- 
dide cells, with these phosphate-halide mixtures 
as cell solutions, were made at 25° C. The 
assumptions were tested by computing the pal] of 
the phesphate buffer, in the absence of added 
salt, from the three series of emf data. 


II. Determination of the Activity 
Coefficients 


The cells used in this study can all be repre- 
sented by the following scheme, 





Pt; H.(g, 1 atm), KH,PO,(m,), Na, HPO,(m,), 
NaX(m,), AgX(s); Ag, 


where X is chleride, bromide, or iodide, and m 
is molality. When the standard potential, /°, 
of the cell is known, —log ay/x is readily obtained 
from the emf, /, and natural constants: 


(E—E°)\F 
2 30296RTT OF mx. 
(1) 


- log anlx log (fufxmay) 


In eq 1, F is the faraday, # the gas constant, and 
T the absolute temperature. By substitution of 
the equilibrium constant for the second dissoci- 
ation of phosphoric acid in eq 1, we obtain an 
equation for the activity-coefficient term, desig- 
nated log f,, 


(E—E°)F 


hupo,fx 
“9 3026RT OS Mx 


pk- 


log f,=log 
SHPO, 


m HP % 
, 


—log (2) 


m 
HPO, 


where pK is the common legarithm ef the recip- 
reeal of K, the second dissociation constant [1, 7]. 
In all of the phosphate buffers to be discussed, 
the last term of eq 2 is zero. 
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1. Experimental Procedures Mou 
he e 
yours 
ntro 


econ 


Preparation of the equimolal mixture of x 
potassium dihydrogen phosphate and disodiy 
hydrogen phosphate was described by Bates y 
Acree [1]. Sodium bromide was _ recrystalliy 
three times from water and was dried at 200°, 
300°C. The dry product was found to be neutp 
Sodium iodide was recrystallized twice from wa 
and dried in vacuum at 50° C for 1 to 2 day 










































vel 
“ell 
est. 
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Filters of sintered glass were used in each instay Th 
for separating the crystals from the saturay “ays 
solution. not 

Silver-silver bromide electrodes were made (Band 


by | 


described by Keston [8]. However, the paste, 
agret 


silver oxide and silver bromate was decompos 
at 550° C instead of at 650° C. Silver bromat 
was prepared from sodium bromate and sily 
nitrate. It was recrystallized from hot wate 
Silver-silver iodide electrodes were formed \ 
platinum spirals by thermal decomposition, at 4) 
C, of a paste composed of 90 percent of sily 
oxide and 10 percent of silver iodide by weigh 
{9}. Silver iodide, prepared from silver nitray 
and recrystallized potassium iodide, was wash. 
40 times with water and digested at 70° C und 
water for 2 days. Hydrogen electrodes we 
made by deposition of platinum black on plat 
num foils sealed in glass. A 3-percent. solutio: 
of chloroplatinic acid that contained a smal 
amount of lead acetate was used, and the electro: 


stan 
The 
silve 
Har 
pote 
nish 
tem 
pote 
silve 
of h 
0.35 
ider 
the 


ysis was continued for 3 minutes at a current 0! 7 
250 to 300 ma. Electrodes were always used tab! 
pairs and were freshly made for each cell. X11 
The solutions were prepared by weight method: BM in 
and nitrogen was passed through them to remow fi the 
air. Details of the cells and of a part cf th 1 
equipment are given in an earlier publication 7 sily 
Some of the temperature measurements were mai 25° 
with a platinum resistance thermometer and th fj the 
rest with a calibrated) mercury thermomete! tI, 
The temperature wes regulated within +)! vf 
deg C. que 
The titratien ceil already deseribed [10] wa fi fr 
used for a part of the measurements made wi! for 
hydrogen and _ silver-silver bromide electrodes of 
For this purpose, “semimicro” silver-silver bro- Bj >" 
mide electrodes were prepared. The mixture 0 ele 
silver and silver bromide on each electro thi 
weighed 15 to 20 mg. The cell was immersed |! . 
the constant-temperature bath and a_ know! val 
Ac 
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»zmount of buffer-bromide mixture added. When Tasie 1. Emf of the cell, Pt; Hz (1 atm), KH,PO, (2m), 
he emf had become constant, usually in about 2 
© of sa jours, & measured portion of air-free water was 
disodiy ntroduced from the burette. Occasionally a 


Na,HPO, (2m), NaBr (am.), AgBr (s); Ag, at 25° C; 
values of —log (fufsrmn) 


log 


Bates 4 cond dilution was made. The emf data for the * eae 
‘Ystallo@ yen solutions prepared by dilution within the 
200° HR oll are not considered to be as accurate as the SERIES A: m=m:=0.05 
© Heuini/.o<t. These measurements are therefore marked 
OM Waiior identification in the table of results given in aA ani 
> 2 danilithe next section. 0. 438 Faces 
P nstal The measuring equipment was checked in two ; po “aan 
Saturdays. The potentiometer was connected with — ° 3 - S487 

another similar instrument in the same laboratory, es — 
made Mand the emf of a cell was occasionally measured SERIES B: m=2m:=0.05 
paste by both instruments. The two values always 
oMmposffi agreed within 0.02 mv. The potentiometers and » 0, 57822 
bromaifiif¥standard cells had been calibrated by this Bureau. - ps con 
1d sili The second method offered a comparison of the — &52!8* - 50043 
t wateliffsilver-silver chloride electrodes with those of : a an 
med off Harned and Ehlers [11], for which the standard — © 2#6* 61647 
, at 40 potential of this electrode was derived. It fur- comes 
of silva nished, as well, an additional check upon the ene ees 

Weigh temperature control and on the accuracy of the © 0. 50731 
hitrafi/ potentiometer. The emf of three hydrogen- = 7% 0417 
wash silver chloride cells that contained 0.09931m : aa eo 
‘ undef of hydrochloric acid was measured and found to be °°. #22* 61966 
's wer 0.35272+0.00002 v at 25° C. This value is °”"* i 
n plavi¥ identical with that obtained by interpolation in * Dilution made in a titration cell. 
solution! the data of Harned and Ehlers. » Average of two cells. Mean deviation, 6.69 mv. 
: on e Average of three cells. Mean deviation, 0.04 mv 
‘lectro}- 2. Results and Calculations TABLE 2. Emf of the cell, Pt; Hy (1 atm), KH,PO, (2m), 
rent The experimental data are summarized = in Ra Gk, Se Ga, Ret Os Bg, 88" Ss 
used tables 1 and 2. Values of —log (fufxmu), where patuce of ~t0g (intima) 

X represents either bromide or iodide, are given a 
ethods Bi in the last columns. They were calculated from os (/H/ TH) 
emow i the emf by eq 1. 
cf th The standard potential, £°, of the hydrogen- se cho 
ion {7 silver bromide cell was taken to be 0.07128 v at saris 
made 25° C [12]. For the hydrogen-silver iodide cell, * 34808 
nd the fF the emf data of table 2, together with pA=7.198 ie 


mete! |, 7], yield, by the method of Owen [13], —0.15201 

+ ().0) v for £°. This potential was used in the subse- 
quent computations. Owen [13] found —0.15225 ' 0. 34925 | 
for the same cell with silver-silver iodide electrodes 0. 4594 37387 | 
for +4: : 0.3314 38402 
ormed by the thermal decomposition of a mixture 

rodes of silver oxide and silver iodate. Gould and Vos- 


bro fi burgh [14], however, obtained —0.1519. Their — , owes on 
. 8749 1. WSS 


4. 977 


SERIES E: m,=2m:;=0.05 


SERIESF: m=5m.=0.05 


ire of JM electrodes were of the same type as those used in 0.6462 
“out this investigati 0, 4090 40183 
ae \ hes saan 0. 3006 41116 7.001 
ed il ues of —log (fy /xmy) for solutions that con- 
ty : - Suds ” a A : » Average emf of two cells. The differences between duplicate cells made 
now! ain nC xdium bromide and sodium iodide at a from these four solutions were 0.07, 0.17, 0.07, and 0.04 my 
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molality equal to that of each phosphate salt are 
compared with similar data for phosphate-chloride 
mixtures [1] in figure 1. When the three curves, 
plotted from measurements at sufficiently high 
concentrations that the buffer ratio was always 
unity, are extended to zero ionic strength, they 
meet at 7.198, the value of pA at 25° C. The 
separation of these three curves at a given ionic 
strength decreases as the ratio of halide to phos- 
phate decreases, but the curves fail to meet, if 
the ionic strength exceeds 0.05, even at zero con- 
centration of halide. 









~LO6 (fyfyrmy) 
a 
2 








685 
3 005 010 O15 020 D 28 
ONIC STRENCTH 
Fieure 1. Values of 
buffers containing sodium halide 


log (fufxmn) in equimolal phosphate 
(NaX) al a molaliiy 
equal to that of each phosphate, plotied as a function of 
tonic strength. 


The activity-coefficient term, log Suvo, fx! fuvo,) 
The values obtained in 
this manner for each ratio of bromide and iodide 
to phosphate were smoothed with the aid of 
plots of P, defined by 


was computed by eq 2. 


P=log f,—1.017y u/(1+1.31yy), (3) 


as a function of ionic strength, uw. These lines 
were drawn to the origin, inasmuch as P is zero 
at infinite dilution. Their curvatures were small. 
The average deviation, A, of the “observed” log 
f, from the smooth curve is given in the next to 
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the last column of table 3. These deviations 
expressed in millivolts, are designated A’ and arp 
listed in the last column. The value of log /, iy 
phosphate buffer solutions with varying amounts 
of sodium chloride, sodium bromide, or sodium 
iodide, and in buffer solutions without 
(log f,), is given in table 4. 


halide 
Log f, in mixtures 


TABLE 3. Smoothing of log f+ 
Num- 
series we |at} a | 
tions 
PHOSPHATE-BROMIDE MIXTURES 
nu 
A 0.2 6 0, 0009 0.05 
B U 7 0026 1s 
= O4s if vol (ms 
PHOSPHATE-IODIDE MIXTURES 
! | 
ID 02 4 0.0006 004 
k il 3 ono 
F O48 4 ood i» 








oh - -o - - - 
Taste 4. Log /,, log f,, and —log (fufxmn)° for phosphat 
buffer solutions 
log f, when mngx/y is " 
lonic strength j log f; fat 
0.2 Ol 0.048 mn 
X=Cl 
oO. 0. 089 7 
OS 0.1770 0.1760 90.1749 1748 7.02 
07 2018 2004 lysy 1Y83 7. 0 
1 2310 2200 22618 2283 6.972 
5 2679 2h4y 216 210 490 
20 2068 2926 2ss4 2870 6.9 
25 3209 3156 3103 i) HMw 
X=Br 
O.01 0. 090 7. 10s 
On O=. 1818 O<.1802) 0. 1782 772 7. (2 
oF 2080 2058 2035 22 6 
1 2391 2360 2330 6. 
15 2786 2739 any i 4.9 
20 3091 3032 2us86 2952 6 
25 3340 3270 3220 3183 6. 5M 
X=lI 
O01 0. 091 7 
O5 0.1859 (0. 1836 17w 7 
AF 2132 2105 24s 6. 
1 2453 . 2421 2350 6.9 
15 2857 2al7 2730 ay 
1) 3170 3116 302s 6. 5 
25 3425 3357 3306 3267 5 
* Values of log /, in the phosphate-cbloride mixtures are given for ™ ~ 


0.08 instead of 0.048. 
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ontained bromide or iodide was read from 
-noothed curves and for chloride-phosphate 
ures was taken from data given in the earlier 
(1). The limiting values, log f,, were ob- 
nied from plots of log f, with respect to mx/u, 
Straight-line extrapolations 


— et RT pe cme 


s shown in figure 2. 
ere used. 

The estimated accuracy of the emf of the 
Bromide and iodide cells is about 0.10 my. The 
Bombined errors in emf, in choice of the proper 
Biandard potentials for these types of electrodes, 
nd in smoothing and extrapolating log f, require 
hat the limiting quantity, log /,, be assigned 
neertainties of +0.002 for the chloride series 
nd 40.003 for the bromide and iodide series. 
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Ficure 2. Log (Su,vo,Sx/Supo,) plotied as a function of the 


fractional contribution of halide, NaX, to the total ionic 
strength. 


Lower curve of each group: X is Cl; middle curve: X is Br; upper curve: 
Xisf : 


The last column ef table 4 gives the limiting 


value of —log (fy fxm), when halide is absent, at 
each ionic strength. Inasmuch as the ratio of the 
molalities of the two phosphate anions remains 
unity, —log faftxmy)® is obtained simply by sub- 


riction of log f, from pK: 


pA—log f, (4) 


log (fu Ixy ' 


- De 
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f., given in table 4, to eq 5. 


Equation 4 is readily derived from the mass law 
and the definition of f, (eq 2). 

It is noteworthy that —log (fyfxmy)° decreases 
as X increases in atomic weight. This change is 
to be expected if the activity coefficients of the 
halogen acids at zero concentration in a phosphate 
solution are in the same order as the mean activity 
coefficients of the sodium and potassium halides 
and the halogen acids in their pure aqueous solu- 
tions. For the same reason, log f, increases from 
chloride to iodide. The employment of these 
activity coefficients in the estimation of the paH 
of phosphate buffer solutions will be considered in 
the next section. 


III. pH of Phosphate Buffer Solutions 


Bates and Acree {1} found that the change of 
log f, with ionic strength for each of the ratios of 
chloride to phosphate could be represented satis- 
factorily by an equation of the Hiickel [15] type 


with two adjustable parameters, a* and 8*. Log 
f, at 25° C can be expressed by the equation, 
1.017 . 
log f, ee Bou. (5) 


1+0.3281 a°y u 


The values of a° and 8° for the chloride, bromide, 
and iodide series were determined by fitting log 
The parameters, 
obtained by least-square methods, are listed in 

The average difference, A, between the 
“observed” log f, and that calculated by eq 5 is 
given in the last column. 


table 5. 


TABLE 5. Parameters of eq 5 for log (Sneotx/favo,) ™ 
phosphate buffers without halide 
a 8 4 
Cl 44 0.054 0. 0002 
Br 1.2 any 0000 
l 10 o7y 0003 


Up to this point, the treatment has remained 
thermodynamically rigorous. However, an evalu- 
ation of paH, or —log fymy, will involve an as- 
sumption that is partly arbitrary, as indicated 
earlier in’ this paper. The formal mass-law 
expression for the paH of a phosphate buffer 
solution, with substitution of the Hiickel equation 
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for the activity coefficients of the two phosphate 
25° C, can be written as follows, 


< 


anions at 


Muyo, 1.52555 mu 


. 
1+0.3281lay u (6) 


paH = pA —log — Bu. 


Muro, 
Bates and Acree assumed that a° and 8°, the 
parameters of eq 5 for phosphate buffers without 
added chloride, could be identified with a and 6 
of eq 6, for the same buffer solutions.’ The 
validity of this assumption is not subject to 
experimental proof, but a partial test can be 
obtained through a comparison of the paH derived 
in this manner from emf measurements made with 
the three different halide electrodes. The results 
of these calculations are given in the first half of 
table 6. At 0.25, the highest ionic strength 
studied, the paH values derived from measure- 
ments of the chloride and iodide cells differ by 
0.025 unit. 
It is evident from a comparison of paH with 
-log (fafxmn)® given in table 4 that the normal 
TABLE 6. paH of phosphate buffer mixtures: KH,PO,(m), 
Na,;H PO,(m,), NaX(m.=0), from the emf of cells without 


liquid junction at 25° C 


paH when X is 


- Tonic 
. strength 
Chloride | Bromide Iodide 
Equation 6 

0. 0025 0.01 7. 065 7. 068 7. 062 
005 02 7.017 7.016 7.014 
oO 4 6.9590 6. 056 6.953 
. 0125 05 6. 937 6. 034 6. 931 
25 10 6. 862 6.855 6.849 
. 175 15 6.811 6. 808 6.74 
05 a» 6.773 6. 762 6.752 
0625 25 6.742 6.729 6.717 

Equation 7 

ons 0.o1 7. 066 7. 065 
005 v2 7.019 7. 020 
ol 4 6. O82 
0125 a 6. 942 6.044 
25 ln 6.873 6.873 6.876 
Og75 15 6. 5300 6 829 6504 
Os » 6.706 6. 706 #802 
m25 25 6.774 6.774 6. 781 


’ The last two terms of eq 6 represent —log nro, fuvo® It is evident 
by comparison with eq 5 that this method of evaluating paH sets log Ix equal 


to —O. SORSy # (1 +0.3281a° yw), without a term linear in ionic strength. 
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decrease of the latter quantity with increas, 
atomic weight of the halogen has not been cq: 
pensated; indeed paH shows a slightly larger 
crease than does —log (fy fxma)° at the same joy 
strength. A part of the difficulty is associa. f ¥ 
with the two-parameter form of eq 5. If a sno 
systematic change, within experimental erp 
were made in log [ significant changes in a° 4 
8° of a compensatory nature might be necessuf@,) 
to afford the best fit of the data to eq 5. Ff 
example, a°=4.0 and B°=0.079 repreduce log [@! 
for the iodide series with a mean deviation | 
0.0003. Yet the deviation would be only 0.00 
or still considerably less than the uncertain: 
assigned to log f;, if 4.4 and 0.155 were chosen ; 
the correct set of parameters. If the latter valu] Js 
gave the best fit, however, the paH comput] Mo 
from the iodide series would be 0.006 unit higly 
at an ionic strength of 0.25. In other won 
these changes in the two parameters do not offs 
one another in the calculation of paH. Measuy 
ments at ionic strengths above 0.25, which are. 
most use ip fixing accurate values of the paran 
eters, are lacking here. 

If the activity-coefficients of the three halide io: 
in the phosphate solution were assumed to equ 
the mean activity coefficients of the correspondir. 
halogen acids, after the suggestion of Guggenheu 
[16], and these mean activity coefficients were » 
equal to their values in pure solutions of Hi) 
{11, 17, 18] at the appropriate ionic strengt! 
paH could be evaluated: 


paH = —log (fa fxma)°+log fx= 
—log (fufxma)°+log fre: ¢ 


The results of this calculation are given in tly 
second half of table 6. The agreement among |!) 
three sets of values is improved, but the pall » 
higher than before. The activity coefficient « 
hydrochloric acid is lowered by potassium io 
[19] and sodium ions [20]. Hence, paH compute 
in this manner is understandably too high. 

The paH calculated from pA or from —l: 
(futxmn)° will approach — log ag in dilute solutions 
where all reasonable assumptions relating the ion 
activity coefficients yield substantially equivale' 
results. In the region of higher ionic strengts 
the paH value must be considered a unit on a 
arbitrary scale. 
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Thermal Expansion of Some Copper Alloys 


By Peter Hidnert and Harrison S. Krider 


This paper gives the results of an investigation on the linear thermal expansion of some 
brasses, bronzes, and other copper alloys for various temperature ranges between room 
temperature and 300° C, 

The coefficients of expansion of tellurium copper (0.6%) of tellurium) are in close agree- 
ment with the coefficients of expansion of electrolytic copper (99.9790). The addition of 
10 percent of aluminum, 2 percent of iron, and 0.4 percent of tellurium to copper had slight 
effeet on the coefficients of expansion. 

Figures | and 2 of the paper summarize the coefficients of expansion of copper-zine alloys 
and copper-nickel alloys with and without addition of other elements, from the present and 
previous investigations. The curve for copper-zine alloys shows that the coefficients of 
expansion increase with increase in the zine content. A change in the slope of this curve 
The addition of 10 to 18 


percent of nickel to copper-zine alloys reduced the coefficients of expansion to a marked 


due to a change from alpha brasses to beta brasses was noted. 


extent, but the addition of tin, lead, or aluminum increased the coefficients of expansion. 

The curves for copper-nickel alloys in figure 2 indicate that the coefficients of expansion 
decrease with increase in the nickel content. The curvilinear relation between the co- 
efficients of expansion and nickel content (atomic percent) of copper-nickel alloys is typical 
of relations for properties of binary alloys having structures composed of solid solutions. 


I. Introduction III. Apparatus 


This paper gives the results of an investigation 
on the linear thermal expansion of some brasses, 
bronzes, and copper alloys for various temperature 
ranges between room temperature and 300° C, 
One sample of tellurium aluminum bronze was 
investigated to 400° C. 


II. Materials Investigated 


The chemical compositions and the treatments 
of the materials investigated are given in table 1. 
The samples, the values for chemical compositions, 
vnd information about the treatments were furn- 
ished by Chase Brass & Copper Co., Waterbury, 
{onn. 

The length of each sample used in the determina- 

ons of linear thermal expansion was 300 mm 

1.8 in.). The cross sections of the samples 
cre circular, with diameters of 0.20 to 0.37 in. 
>to 9mm). 


Thermal Expansion of Some Copper Alloys 


Two types of precision micrometric thermal- 
expansion apparatus described by Hidnert [1],' and 
Souder and Hidnert [3] were used for determining 
the linear thermal expansion of the samples. A 
stirred liquid bath was used for determinations in 
the range from 20° to 300° C and an air type 
heating chamber for determinations in the range 
from 20° to 400° C. 


IV. Results and Discussion 


The observations? obtained on heating and 
cooling the samples to various temperatures were 
plotted. The expansion and contraction curves ? 
for all of the samples except 1718 and 1719 showed 
no irregularities. The expansion curves of sam- 
ples 1718 and 1719 indicated an irregularity be- 

' Figures in brackets indicate the literature references at the end of this 


paper. 
? Neither the observations nor the curves are presented in this paper. 


419 





TABLE 1. Coefficients of linear expansion of some copper alloys 


' 
Chemical composition * Average coefficients of exp ins 
degree centigrad: 


. — . ; eae T Test — uci, 3 
Alloy rreatment ae. 


ee 20° to 20° to 20° to 20° to 20° te. 
- : ©C 200° C 280° C an 
ments Ho” C 100°C 20°C 250°C 300°C wy 
Per-| Per- | Per-, Per- Per--Per- Per- | Per- 
cent cent | cent cent centicent cent cent x1loO* K10-* K10-*, K10-* 
Electrolytic sei ‘ 416.6 416.8 417.3. 
copper [I].« 


rellurium cop- | § 0. 06 0. 003 0. 65 Cold drawn and annealed at it ‘mipe 
an 1,100° F. ‘| 7 The 
Phosnic bronze 7} 1, 19).... : Quenched from 1,450° F, age . rents 
hardened at 850° F for 1 hour, oppe 

and aged at room temperature : 
for 18 months, flicie 
lose 


Copper-silicon 9) 0, < Annealed at 1,200° F epor 
alloy (Silicon | 

bronze, type 

B). 


Tellurium nickel . , Quenched {from 1,450° F, age 
brass | hardened at 850° F for 1 hour, 
and aged at room temperature 

for 19 months, 


Quenched from 1,450° F, age 
hardened at 850° F for 1 hour, 
and aged at room temperature 
for 39 months, 


Quenched from 1,450° F, cold 
drawn 34 percent, age hard- 
ened at 770° F for 1 hour and 
aged at room temperature for 
18 months, 


I719A! .....doi : ‘ 52). Quenched from 1,450° F, cold 
| drawn 34 percent, age hard- 
ened at 770° F for 1 hour, and 
aged at room temperature for 

40 months, 


172 Tellurium alu- 1 950 1.95 ‘ Extruded at about 1,550° F and 
minum bronze | aged at room temperature for 
| 18 months, 


'9. 50) 1.95 2 Extruded at about 1,550° F and 
aged at room temperature for 
40 months, 


Aluminum brass.) 76. £21.47 1.91) 0.02 ‘ Annealed at 1,200° F. 
} 


| 


- | 
Copper (70) |'60.42:20.03 06.05 Mn) Annealed at 1,300° F 
nickel (30) al- 0. 33 
loy 
| 





* All compositions in this paper are given in percent by weight except where indicated otherwise. 

© H indicates heating and C, cooling ? 

¢ Added for comparison with tellurium copper and the copper alloys in this table. 

4 From Hidnert [1] 

* From Esser and Eusterbrock [2] for e’ectrolytic copper annealed at 1,020° C. 

' By difference 

* Before this test, sample was heated to 300° C and cooled to room temperature. 

» Irregularity in expansion curve between 200° and 300° C. 

' Formerly known as Telnic bronze. All of the zine has been essentially omitted from Telnic bronze manufactured at the present time. 
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urch 














en 200° and 300° C during the first heating. 
sever, on repeated heating to 300° C, no ir- 
ilarities were observed. 

lable 1 gives the coefficients of linear thermal 
pansion that were computed from the curves 
jained on heating and on cooling. The coeffi- 
jients obtained during the first cooling between 
» maximum temperature and 20° C should ap- 
lv for repeated heating and cooling through this 














unperature range. 

The maximum difference between the coeffi- 
ients of expansion of the samples of tellurium 
opper and Phosnic bronze is 0.310~°. The co- 
ficients of expansion of these samples are in 
lose agreement with the coefficients of expansion 
eported by Hidnert [1] for electrolytic copper, 
bickeliferous copper (Ni 0.35° %) and arsenical 
opper (As 0.54%). 

Nearly all of the coefficients of expansion of the 
opper-silicon alloy, type B, containing 1.1 percent 
pf zine and 1.4 percent of silicon, are slightly 
arger than the coefficients of expansion of tel- 

















urium copper. 

An examination of the coefficients of expansion 
f the samples of tellurium nickel brasses and 
iluminum brass shows that the addition of zine 
o copper increased * the coefficients of expansion, 
s was previously shown by Hidnert [1]. 

The addition of approximately 10 percent of 
iluminum, 2 percent of iron, and 0.4 percent of 
ellurium to copper had slight effect on the co- 
flicients of expansion for temperature ranges 
vetween 20° and 300° C (see tellurium aluminum 
ronze). However, an increase of 0.8 10~° was 
moted for the range from 20° to 400° C. 

The addition of 30 percent of nickel and 0.5 
percent of manganese to copper decreased the 
‘veflicients of expansion by as much as 1.4 107°. 

Figure 1 summarizes coefficients of expansion 


— 
Except for the range from 20° to 300° C on samples 1718 and 1719 during 
the first heating 





























Thermal Expansion of Some Copper Alloys 








of copper-zine alloys with and without additions 
of other elements, for the range from room tem- 
perature (or 0° C) to 300° C, from the present 
and previous investigations [1, 4, 5, 6, 7]. The 
curve represents the relation between the coeffi- 
cients of expansion and the zine content of the 
copper-zine alloys without the addition of other 
elements in excess of 0.5 percent. This curve 
shows that the coefficient of expansion increases 
with increase in the zine content. The broken 
portion of the curve indicates a change in slope 
due to a change from the alpha brasses to beta 
brasses. The addition of 10 to 18 percent of 
nickel to copper-zine alloys reduced the coeffi- 
cients of expansion to a marked extent, but the 
addition of tin, lead or aluminum increased the 
coefficients of expansion. The effect of treatment 
on some alloys is also indicated in figure 1. 

Figure 2 gives a similar summary of the coeffi- 
cients of expansion of copper-nickel alloys with and 
without additions of other elements, for several 
temperature ranges between — 183° and +300 ° C, 
from the present and previous investigations [1, 
and 6 to 12 inclusive]. The curves represent the 
relations between the coefficients of expansion and 
the nickel content of the copper-nickel alloys 
without the addition of other elements in excess 
of 0.5 percent. These curves indicate that the 
coefficients of expansion decrease with increase in 
the nickel content. The upper curve was drawn 
as a broken line, for there are not sufficient data 
available for the binary alloys. The curvilinear 
relation between the coefficients of expansion and 
nickel content (atomic percent) of copper-nickel 
alloys is typical of relations for properties of binary 
alloys having structures composed of solid solu- 
tions. 

Data on the linear thermal expansion of other 
copper alloys investigated at the National Bureau 
of Standards have been published in previous 
papers [1, 7, and 13 to 17, inclusive]. 
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AVERAGE COEFFICIENTS OF EXPANSION 


All plotted points represent values for cold-rolled alloys except those marked with one or more of the following symbols: A 
Y, 
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Fieure 1. Coefficients of linear expansion of copper-zince alloys 


extruded; /7, hot-rolled; Q, quenched; 
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Fieure 2. Coeflicients of linear erpansion of copper-nickel alloys with and without additions of other elements. 


tted points represent values for annealed alloys except those marked with one or more of the following symbols: C, Cast; J), drawn; FE, extruded 
H. hot-rolled; Q, quenched; T, tempered; and Z, unknown treatment 
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| Wikylbenzenes in the C, Fraction from Seven Repre- 
an sentative Crude Petroleums’ * 


By Alphonse F. Forziati * and Frederick D. Rossini 


POH) 
RPSy . . . 
PIay This report presents the results of an analysis, by analytical distillation by the A. P. I. 
Research Project 6, and by spectrographic examination by the Socony-Vacuum Laboratories, 
the Standard Oil Development Co., and the Sun Oil Co. of the individual Cy, alkylbenzenes 
(except 1,2,3-trimethylbenzene) and of tertbutylbenzene occurring in the Cy fraction from 
the following seven representative crudes: (A) Ponea, Okla.; (B) East Texas; (C) Bradford, 
Pa.; (D) Greendale-Kawkawlin, Mich.; (FE) Winkler, Tex.; (F) Midway, Calif.; (G) Conroe, 
Tex. 
I. Introduction Although the eight possible aromatic hydro- 
i ; F carbons whose normal boiling points are below 
lhe previous work of the American Petroleum a an : ng ft E 
ae ; 160° C were relatively easily determined (from 
Institute Research Project 6 on the hydrocarbons x Pongo 
. a” : . : measurements of boiling points, refractive in- 
in the gasoline fraction of seven representative : . ; 
; : - dices, and freezing points), the twelve possible 
crudes has been described in three earlier reports : ale pend 
, “ee pn aromatic hydrocarbons in the range 160° to 180° ¢ 
of investigations [1, 2, 3] “ie 
: are present in such relatively smaller amounts, 
At the time of the last report, the status of the < , ; a : 
and with such small differences in boiling point, 
work was as follows: ar ; ; me , 
. that it is possible to obtain from the boiling point- 
(a) Each of the seven naphthas had been sepa- sige ; 
hg : volume curves (on the limited quantity of mate- 
rated by adsorption into an aromatic portion and : me : 
S . rial processed) only values for close-boiling mix- 
a paraffin-naphthene portion. : . 
. : ; tures (usually pairs). Further, the lack of ade- 
(b) Each paraffin-naphthene portion and each 
; we quate amounts of nearly pure stocks of each of 
aromatic portion had been separately distilled or : 
aalestiailie : the component hydrocarbons made it impossible 
anaivtiiceaily. ope ’ — ‘ a 
. oo." . , to utilize the method of determining individual 
(c) For the paraffin-naphthene portion, the ; ‘ 
a ak hydrocarbons in mixtures of hydrocarbons by 
analysis of the individual components normally . : . s 
aa an measuring freezing points [4,5]. 
boiling below 102° C had been completed, and, in = ' 
\dliti As purified samples of these alkylbenzenes 
addition, the amounts of n-octane and n-nonane ‘ Jable f i 
. . Are ya co 4 ’ » =] . » » » - 
had been evaluated. The analysis of the paraffins Te Decoming available for spectrometer call 
and naphthenes normally boiling in the range 102° bration, it is was evident that the analysis of the 
to 180° C was in process. individual aromatic hydrocarbons in the material 
d) For the aromatic portion, the analysis of normally boiling above 160° C could be per- 
the individual components normally boiling below formed successfully by spectrographic methods. 
160° © has been completed. Accordingly, with the approval of the Advisory 
pe y i “ee , , i . bd 7 | i ’ 
investigation was performed as part of the work of the American Committee for the American Petroleum Institute 
Vetvolcum Institute Research Project 6 on the “Analysis, Purification, and = Research Project 6, the cooperation of three 
es of Hydrocarbons” at the National Bureau of Standards. y : : 
wnted before the Division of Petroleum Chemistry of the American laboratories that had experience in the spectro- 
‘ cal Society at Atlantic City, N.J., April, 1947. _ ee al cect ‘anes on 
earch Associate on the American Petroleum Institute Research Pro- graphic analy SIs of the ( 9 alky Ibenz« nes was en- 
; listed. These laboratories were those of the 
s in brackets indicate the literature references at the end of this » , : y 
Socony-Vacuum Oil Co., Paulsboro, N. J., the 
ch @A'kylbenzenes in Petroleum 425 











Standard Oil Development Co., Elizabeth, N. J., 
and the Sun Oil Co., Norwood, Pa. The Socony- 
Vacuum and Standard Oil Development Labor- 
atories agreed to make infrared and the Sun Oil 
Laboratory, Raman spectral measurements. 


Il. Material Analyzed 


The seven naphthas under investigation, which 
have been deseribed in detail in the previous 
reports [1, 2, 3], are the following: A, Ponea, 
Okla.; B, East Texas; C, Bradford, Pa.; Green- 
dale-Kawkawlin, Mich.; E, Winkler, Tex.; F, 
Midway, Calif.; G, Conroe, Tex. 

The aromatic portions, boiling between 148° 
and 180° C, from each of the seven naphthas, 
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Fieure 1. Plot of the boiling point as a function of the 
volume for the Cy fraction of the aromatic portion of the 
Ponca, Okla., naphtha. 


Phe lot numbers refer to the portions of the distillate reblended for spectro 
graphic examination 
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were blended,‘ into five lots, as shown in fiy 
1 to 7, inclusive, which give the tempera 
volume curves from the original analytical 
lations of these materials, as previously giy, 
the second published report® of this work |2! 





ing for spectrographic analysis made from “flat to flat” rather thy 
“break to break,"’ the material had previously been blended in t) 
way for five of the naphthas in order to reduce losses by evaporat 
therefore, the blending for the remaining two naphthas was also ma 80 + 
“break to break.” This made the spectrographic analyses more ditt 
those laboratories whose normal operating procedures were based on | 
from “flat to flat.” 
’ The figures 8 to 14 in the previously published report give, exce; 
Bradford (Pa.) and Winkler (Tex.) naphthas, a plot of refract 
against volume. The aromatic portions of five of the naphthas 
(Okla.), East Texas, Greendale-Kawkawlin (Mich.), Midway (Ca) 
Conroe (Tex), are seen to be substantially 100 percent aromatic 
parison of the values of refractive index of the aromatic distillate ay 


‘ Although two of the cooperating laboratories preferred to have thy ; 





pure components (indicated by crosses at the appropriate places 
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East Texas naphtha. 


The lot numbers refer to the portions of the distillate reblended 
graphic examination. 
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ure 3. Plot of the boiling point as a function of the 
olume for the Cy fraction of the aromatic portion of the 
Bradford, Pa., naphtha. 


ot numbers refer to the -portions of the distillate reblended for spectro- 
graphic examination. 


At that time, the refractive index-volume 
ots for the aromatic portion of the Bradford 
Winkler (Tex.) naphthas were not 
own because the refractive index fell somewhat 
low the proper values for the aromatic com- 
ments. Caleulations made on ‘the basis of the 
fractive index expected for 100 percent aromatic 
aterinl, yielded the following values for the 
reentage of paraffin-naphthene material remain- 
vin lots 1 to 5: 

Bradford (Pa.), naphtha: lot 1, 21 percent; lot 
5 pereent; lot 3, 5 percent; lot 4, 4 percent; lot 
5+ percent. ° 
Winkler (‘Tex.), naphtha: lot 1, 14 percent; lot 
4 percent; lot 3, 3 percent; lot 4, 8 percent; lot 
l4 percent. 
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For spectrographic examination by the cooperat- 
ing laboratories, the following samples were 
prepared and transmitted: 

To the Socony-Vacuum Oil Co. and Standard 
Oil Development Co., for infrared analysis: 
Samples (4 to 5 ml) of each of the five lots (1 to 5) 
of each of the seven naphthas. 

To-the Sun Oil Co., for Raman analysis: Samples 
(7 to 8 ml) of lot 3 of the East Texas naphtha, and 
lot 1 of the Bradford, Pa., Greendale-Kawkawlin, 
Mich., and Midway, Calif., naphthas; Samples 
(13 to 15 ml) of each of the remaining lots, except 
lot 1 of East Texas and Conroe, Tex., naphthas. 

As the pure hydrocarbons representing the 
expected components of lot 5 were at that time 
not yet available for calibrating spectrometers, 
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Ficure 4. Plot of the boiling point as a function of the 


volume for the Cy fraction of the aromatic portion of the 
Greendale-Kawkawlin, Mich., naphtha. 


The lot numbers refer to the portions of the distillate reblencded for spectro 
graphic examination 











the cooperating laboratories were requested to 
report only on lots 1, 2, 3, and 4. 
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Ficure 5. Plot of the boiling point as a function of the 
volume for the Cy fraction of the aromatic portion of the 
Winkler, Tex., naphtha. 


The lot numbers refer to the portions of the distillate reblended for spectro- 
graphic examination. 


III. Data of the Cooperating Laboratories 


The spectrographic data from the laboratories 
of the Secony Vacuum Oil Co., Standard Oil 
Development Co., and Sun Oil Co., are given in 
table 1. The data from the analytical distillations, 
by the API Research Project 6, of the aromatic 
portion of the seven naphthas (shown in figures 
1 to 7) yielded values (given in table 2) for the 
amounts of the following components or pairs of 
components: isopropylbenzene; n-propylbenzene; 
1-methyl-3-ethylbenzene plus 1-methyl-4-ethyl- 
benzene; 1,3,5-trimethylbenzene plus 1-methyl-2- 
ethylbenzene; tert-butylbenzene plus 1,2,4-tri- 
methylbenzene. 
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IV. Evaluation of the Data 


From the values reported by the three |abor. 
tories on the spectrographic analysis of the sever, 
lots of the seven naphthas, the total amount of 
each component found by a given laboratory \; 
all four lots (1 to 4) was computed. These values 
given for each component for each naphthy 
analyzed, and expressed as a percentage by volun, 
of the aromatic portion 148° to 180° C, are give; 
in columns 2, 3, and 4 of table 2. In the cas 
of the East Texas, Bradford (Pa.), and Conro 
(Tex.) naphthas, the values for  1-methyl-3- 
ethylbenzene from the Sun Oil Co. were increased 
as shown, the increase being simply the averag 
of the amounts of this component found by tl 
Socony-Vacuum and Standard Oil Developmen: 
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Ficure 6. Plot of the boiling point as a function of  § 


volume for the Cy fraction of the aromatic portion of tv 
Midway, Calif., naphtha. 


The lot numbers refer to the portions of the distillate reblended for pect 
graphic examination. 
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1. The amounts of the individual hydrocarbons in lots 1 to 4 of the Cy aromatic portion of the seven representative 


naphthas, as determined spectrographically by the three laboratories 
































ot number and Naphtha (see text) 
hydrocarbons = eS cc | . 2 2. 2. | 6 
Laboratory™ 
I;/D/OISO;OTIy oa; I; a ay Toya] rT yoyeyrsoya 
Percentage by volume of the given lot 
Lot | 
o-xylene 3 9 }Il2 3 [14 - 3 13 - 8 95, 0 2],0 6 [18 /\65] 6 |16 |] - 
isopropylbenzene 27 142 [25 J27 j4! - }i2 | 18 | -|t2 [29 | 14 ]49 J62 [555)386 [51 [395] 14 23 ] - 
n-propylbenzene 60 |45 [485159 [34 - 47 18 - 157 [41 [44 #45 [14 [18 [50 [28 83 [45 [32 ~ 
|-methyl- 3- ethylbenzene 10 455 11 8 38 | 13 | —- 28 | 17 [275] 4 7 {ust 6 O fit 735 [23 ] - 
\-methy!-4- ethylbenzene 1¢) 2 Oo7O : - 1¢) 4 - 1) S 5 2 |15 [15 .@) 3] 0 oO € - 
Lot 2 
isopropyibenzene 1?) 1¢) 1¢) - 1?) 12) -~] 0 3 -~|0O re) - Oo 2 - o;0O = 
n-propyibenzene i6 |10 113 F116 FIO | 1054 12 95] 16 9 105] 14 O;};-]2! [25 - 715 8/7 
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1,3,5-trimethyibenzene O03} 3 | 6 6 7 110 | 17 [16 3 3 35} 15 [21 - 5 8 - 8 j}Ilt 1105 
i-methy|-2-ethyibenzene o;21;]0 3 ie} 3 fe) ! o0;0 I 1 - 2 ' -| 2 3 {0 
tert-butylbenzene 1?) - - | 0 - -| 0 - - 1e) - ~ | - - ce) = -|0 “ 
\,2,4-trimethyibenzene ~ 7 -jf- - - | O -~— -|;O][ - - -j- Olf-f,-|]0]- 
Lot 3 
|-methyl-3-ethyibenzene 9] 8 9]9 954, 5 8 7 " 8 1 -]T tl io flog 5 75 
\-methy!-4-ethylbenzene 9 a5] 8 8 95 7 le 9 |}u5] 2 8 —- | 12 113 [155i 3 6 
\,3,5 -trimethylbenzene 46 |41 |425150 |45 | 415177! 165 165 [49 /41 [40 [78 |64 | -— [49 [39 B6E5/60 |45 49 
i-methyl-2- ethylbenzene 28 |30 |33 27 [33 | 375 12 [125328 [33 | 375] 4 8 - f2' j28 |325)10 | 17 [ILS 
tert-butylbenzene 0 4/0 Oo; 3 c@) oOo; | ° 0 3 Cc 0 3 - 1] 0 41/10 ie) 310 
1,2 ,4-trimethylbenzene oi; 4 6/2 ],2 }t2 7 16 6]/3 |3 Ji6 J16 7 | 6 | 55]22 |25 me 
Lot 4 
|-methyl-4- ethylbenzene - 12] -|0O - - 1) - - 1@] - 1@] - - 4 - -|O] - 
|,3,5-trimethyibenzene 4 $ 251 6 5 5 fio [tl 8 5 6 4 4 5 ’ 9 5 2 ( \ 
I-methyl-2- ethylbenzene 3 8}; 5514/9 15 2 2 10) a 9 7 OS} 2 ~ 4a 6 65] O05) 2] 0 
tert-butyibenzene a7} | 2H O05] | 3 ,O; | o7o];] 2] 25) 1 1} =~] o7] | | OF OFF 2 | 2 
| 2, 4-trimethylbenzene 835/76 poe 85 |74 a6 832}72 |92 |90 |7! |865}935/74 | - [835/69 [87 [907/77 |96 
lso-butylbenzene Oja Of O}Ja}|]OF of] a]o o/O;O{ta}]-] O}alOTo]a 
!,2,3-trimethyibenzene 0.8} 4 ! OS] oa ! Of} a 0 0 a - 08 a 15] Oe] a ! 



















































































ies determined but not reported. 


Koman numerals identify the fcllowing laboratories and methods used 
Raman, 


!: IIT, Sun Oil Co., 
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I, Socony-Vacuum Oil Co., infrared; II, Standard Oi] Development Co., 
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igure 7. Plot of the boiling point as a function of the 
volume for the Cy fraction of the aromatic portion of the 
Conroe, Tex., naphtha. 


he lot numbers refer to the portions of the distillate reblended for spectro- 
graphic examination. 


aboratories in lot 1, which, for these naphthas, 

| as not analyzed by the Sun Oil laboratory. 
| oniformly for the spectrographic values from all 
Bree laboratories, the amount of 1,2,4-trimethyl- 
enzene was increased by the amount indicated, 
1 order to account for the amount of this compo- 
ent expected to be in lot 5, which has not yet been 
nalyzed speetrographically. The amount to be 
dided was deduced from a correlation of the value 
v the amount of tert-butylbenzene plus 1,2,4- 
‘imethylbenzene reported by the API Research 
roject. 6, which includes the amount of this 
bmponent in lot 5, with the boiling point at the 
(Bod of lot 4, for each naphtha. This correction 
‘he amount of 1,2,4-trimethylbenzene is smallest 
for the Ponca (Okla.) naphtha and largest 

| q for the Winkler (Tex.) naphtha, which is 


arch | ‘lbenzenes in Petroleum 
62613—47 4 





in accord with the fact that the boiling point at 
the end of lot 4 is highest for the Ponca (Okla.) 
naphtha and lowest for the Winkler (Tex.) 
naphtha. 

The values from the boiling point-volume data 
of the API Research Project 6 are given in column 
5 of table 2. 

The values given in the last column of table 2, 
representing the final selected “best’’ values for 
the amount of each of the given components in 
each naphtha, were obtained in the following way: 

(a) The amount of isopropylbenzene was taken 
to be that given by the data of the API Research 
Project 6. (A more accurate value for isopro- 
pylbenzene could have been obtained from the 
spectrographic data if the material just preceding 
lot 1 could have been examined spectrographically, 
so that spectrographic values for the total amount 
of this component would have been available.) 

(b) The amount of n-propylbenzene was taken 
as the average of the values from the four (or 
three) laboratories, as given. 

(c) The sum of the amounts of 1-methyl-3-ethyl- 
benzene and 1-methyl-4-ethylbenzene was taken 
as the average of the values from the four (or three) 
laboratories, as given. The relative amounts of 
the two components was taken as the average of 
the relative amounts given by the spectrographic 
analyses. 

(d) The final values for 1,3,5-trimethylbenzene 
and 1-methyl-2-ethylbenzene were obtained in a 
manner exactly analogous to the procedure de- 
scribed for 1-methyl-3-ethvibenzene and 1-methyl- 
4-ethylbenzene. 

(e) The final values for tert-butylbenzene and 
1,2,4-trimethylbenzene were obtained in the same 
manner as the preceding pair. 


V. Summary of the Results 


Table 3 gives, for the seven naphthas, the 
amounts of the Cy, alkylbenzenes (except 1,2,3- 
trimethylbenzene) and tert-butylbenzene, — ex- 
pressed as a percentage by volume of (a) the total 
aromatics to 180° C; (b) the naphtha 40° to 180° 
C; (ec) the crude petroleum. 

Table 4 gives the relative amounts of the Cy, 
alkylbenzenes (except 1,2,3-trimethylbenzene) and 
tert-butylbenzene in the seven representative 
naphthas. 
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TaBie 3. Summary of the amounts of the Cy alkylbenzenes (except 1,2,3-trimethylbenzene) and tert-butylbenzen: jn 4 
seven naphthas ate 
nou 
P ollow 
Amount of the given hydrocarbon expressed as percentage roleu 
by volume of = 

‘q 
Hydrocarbon Total aromatics to |8O°C|Naphtha 40° to 180°C. Crude Petroleum 1-met 
AIBICIO/IEJF/GIAIBIC/DOJEJFIGIAIBICIDIJEIFIG thvll 
11 
isopropylbenzene 22} 14} 1] 20} 60] 30 '2ajoze| oral Roars orpoaloosjoo 3003/0: nethy 
the t 
inv a 
n-propylbenzene 3.) 3.4 1.8 2.2) 3.5 32 |.6/029 028} 0.18 0.15} 0.13} 0.21 dielbaleis 02}0.04 0.12 Inf 
parat 
I-methyl-3-ethylbenzene| 52 7 52) Sa 2.3) 39 So}asij0s7 osefos 008k 25| . " QI6| 0.13}0.08} 001/004 x of the 
Devel 
I-methyl-4-ethylbenzene | 19] 2.9} 19] 1.9) 92] 26] 1.7] 019/026) 019} 013/034] 01 7/049}006 oe me on mn oe spect 
tainec 
|,3,5-trimethylbenzene 36} 37] . 3.2] 11.0) ad 46) 35)032|068/022) 040/031]: 34f012p.09 017/009) 08|009)0 36 

Th 
I-methyl-2-ethylbenzene | 3.0 27] 10} 26 1.) 26 | \Jaz9}024 10/0. odertpadpedpeticatpedees 003/009} Proje 
Co., 
tert-butylbenzene 04] 0.3} 0.1] 0.2] 04] 0. o2bo 02} 0.01 0.01/00 02)0.05}0.01] 0.01 0090} 0.04 “0k 
abor 
; Cy a 
|,2,4-trimethylbenzene ee 13.2] 9. e% 8.8) 1.5 7 64109717 roe 03 omerpoet The: 
by tl 
know 

Taste 4. Relative amounts of the Cy alkylbenzenes (except The results of the present investigation indicat: 

1,2,3-trimethylbenzene) and tert-butylbenzene in seven that the alkylbenzenes in the C, fraction of petro 


representative naphthas ‘ ‘ 
leum are present in relative amounts that are T 


meatittes @intann the same magnitude for different crude petroleuns, 


eae bg with the exception that in the Winkler, Tex 
Compsund ot Gadl Reh fall helt et ee naphtha, E, the 1-methyl-3-ethylbenzene and tly 
Suiative wine = 1-methyl-4-ethylbenzene are reversed from thy, 
- usual order. The range and average values ar’ 
Isopropylbenzene £4 42 34 73 00 95 48 3t0 7 ~~ given in the last column of table 4. This follow 
nin a 84 95 59 SI 5S 103 65 6tol0 s similar relations previously reported for the lower 
-Methyl-3-ethylben- : 2 
rene 1.0 190 WS M2 328 124 208402 1s  Alkylbenzenes and for certain other groups 0! 
I-Methyl-¢-ethylben- e = hydrocarbons in different crudes. 
zetw . ~5 86 61 7.3 163 S&L 69 6toOP 15 5 * . is 
1,3,5'T rimethylben- Although the connection is not apparent at ths 
zene 0.2 10.7 22.0 12.1 184 15.3 19.110te22 9 15 “ritine , y » ive 2 » five 
piachel-3-ctetnes writing the average re lative amounts of the { 
rene 5 80 48 96 18 81 452t00 6  polyalkylbenzenes listed in table 4, representing 
aye sea a ee ee ee Se See the average relative occurrence of these compoul: 


1,.2.4-Trimethylben- " ‘ ° P 
rene 8.0 992 429 947 42 95.6 S5a5t04s go in the liquid state in these petroleums, are '- 


markably close to the relative amounts of thes 
five compounds that would be present at therme-' 
é “i ie ; 10°C" as 
* Excluding naphtha E, the lower limit here would be 12 instead of 4 dy ren equilibrium - the gas phase at a doce 
> Exeluding naphtha E, the upper limit here would be 9 instead of 15 calculated from recently published thermody iam 
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jata for these compounds [6]. The relative 
snounts of these five polyalkylbenzenes are as 
follows, for the liquid state in these natural pe- 
oleums, on the average, and for thermodynamic 
juilibrium in the gas phase at 400°C, respectively: 
1-methyl-2-ethylbenzene, 7, 6; —1-methyl-3- 
thylbenzene, 18, 17; 1-methyl-4-ethylbenzene, 
) 11; 1,2,4-trimethylbenzene; 48, 48; 1,3,5-tri- 
nethylbenzene, 18, 18. The relative amounts of 
the two propylbenzenes do not, however, show 
iy accord with the foregoing. 

Information regarding the spectrographic ap- 
paratus and procedure used by the laboratories 
of the Socony-Vacuum Oil Co., the Standard Oil 
Development Co., and the Sun Oil Co. in the 
spectrographic analyses reported here may be ob- 
tained directly from those laboratories. 


The American Petroleum Institute Research 
Project 6 is indebted to the Socony-Vacuum Oil 
Co., the Standard Oil Development Co., and the 
Sun Oil Co. for the participation of their research 
laboratories in the spectrographic analyses of the 
(, aromatic fractions described in this report. 
The spectrographie analyses were made _ possible 
by the following persons to whom grateful ac- 
knowledgment is hereby made: Socony-Vacuum 
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Oil Co., Paulsboro, N. J.: P. V. Keyser, Jr., C. H. 
Schlesman, E. T. Scafe, and F. P. Hochgesang; 
Standard Oil Development Co., Elizabeth, N. J.: 
W. J. Sweeney, E. D. Reeves, S. C. Fulton, 
H. J. Hall; Sun Oil Co., Norwood, Pa.: J. Bennett 
Hill, S. S. Kurtz, Jr., E. J. Rosenbaum. 
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of Conjugated Dienes 


Experimental Study of the Koppers-Hinckley-Podbiel- 
niak Apparatus and Method for the Determination 


By Martin Shepherd, Richard Thomas, Shuford Schuhmann, and Vernon Dibeler 


There is reported an experimental study of the accuracy, reproducibility, and general 


operating characteristics of the Koppers-Hinckley-Podbielniak apparatus and Analytical 
Method L. M. 2.1.1.7 (or 2.1.1.9) of the Office of Rubber Reserve for the determination of 


conjugated dienes in hydrocarbon mixtures. 


Physical equilibria and physico-chemical 


behavior of the analytical system are discussed, accuracy and reproducibility are evaluated, 


and certain operating precautions are given. 


I. INTRODUCTION 


The experimental study of the Koppers- 
Hinckley-Podbielniak apparatus and Analytical 
Method L. M. 2.1.1.7 (or 2.1.1.9) of the Office of 
Rubber Reserve (hereinafter designated RuR) was 
conducted early in 1945, and most of the informa- 
tion obtained was submitted for discussion on 
February 15 and 16, 1945, at Meeting No. 9 of the 
Committee on Butadiene Specification and 
Methods of Analysis, Office of Rubber Reserve, 
and released in the minutes of that meeting, pages 
25 to 48. 

Since this time additional information has been 
obtained, and a practical estimation of the useful- 
ness of the apparatus and the degree of reliability 
of the method has been made. This estimation is 
given essentially in the condensed conclusions, 
placed ahead of the account of the experiments to 
serve readers whose time and interest may be 
limited. 

The original and the additional observations are 
collected here for the convenient reference of those 
who use this apparatus and method, or depend 
ipon its results. The method itself was designed 
lor the determination of 1-3 butadiene in specifi- 

ution grades of this substance used for the manu- 
‘acturing of synthetic rubber. It is based upon the 
apid and quantitative absorption of conjugated 

enes in molten maleic anhydride at approxi- 


Determination of Conjugated Dienes 


— 


mately 100° C. The other constituents of the 
sample that dissolve abundantly in the maleic 
reagent are freed from physical solution by dis- 
placement with a stream of air-free carbon dioxide. 
The volumes of the initial sample and of the resi- 
due are compared to establish the total impurity, 
and the balance is reported as conjugated dienes, 
or, if knowledge of the sample permits, as 1-3 
butadiene. 


II. Condensed Conclusions 


The practical conclusion reached after an ex- 
perimental study of the Koppers-Hinckley-Pod- 
bielniak apparatus and RuR method L. M. 
2.1.1.7 (or 2.1.1.9) is essentially this: The appara- 
tus and method give satisfactory results for the 
determination of 1,3-butadiene in specification- 
grade butadiene, but results obtained with mix- 
tures of lesser purity are not always satisfactory. 

This conclusion may be further qualified by 
stating the obvious fact that the determination of 
1,3-butadiene will not be satisfactory in the case 
of mixtures containing significant amounts of C, 
or Cy hydrocarbons until an adequate method for 
the determination and possibly the removal of 
the interfering compounds has been developed. 
Only then can a satisfactory correction be made 
for their presence, and without this correction the 
determination of butadiene carries with it the 
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uncertainty attached to the determination of the 
interfering heavier compounds. 

The conclusion stated in the first paragraph is in 
no disagreement with the claims of Hinckley, who 
has repeatedly stated that the apparatus was in- 
tended for tue determination of conjugated dienes 
in specification-grade butadiene. The applica- 
tion of the apparatus and method to mixtures of 
lesser purity was obviously intended by the Office 
of Rubber Reserve, however, since the burette 
supplied is capable of measuring 110 percent of 
impurity in the sample, and the stated scope of 
the method RuR (L. M. 2.1.1.7 or L. M. 2. 1.1.9), 
includes “reeyele-grade butadiene” and ‘“buta- 
diene in any coneentration in Cy, and lighter 
mixtures.”” The desire to extend the scope of the 
method to samples of purity less than specifica- 
tion grade has complicated the analytical picture, 
and the extent of this complication may be about 
as follows: 

1. In the approximate range 95 to 85 percent 
butadiene, reproducibilities ranging from + 0.01 to 
£0.4 percent of the whole sample have been ob- 
served under prescribed operating conditions. 
Larger variations have occasionally been observed. 
In this range agreement with the mass spectrom- 
eter may be as good as +0.2 to +04 percent, 
but greater variance has been observed. 

2. In the approximate range 15 to 2. percent 
butadiene, reproducibilities of about +0.4_ per- 
cent may be expected, but wider variations have 
been observed. Agreement within 2.0 percent 
of results obtained by the mass spectrometer may 
be expected. 

From the practical viewpoint, these conclusions 
are important: 

1. Several determinations of conjugated dienes 
in every sample must be made in order to estab- 
lish the proper behavior of the apparatus with 
respect to reproducibility. 

2. Samples of different composition cannot be 
run successively through the apparatus without 
upsetting equilibrium in the maleic absorber to 
an extent so great that the time lost in estab- 
lishing the required new equilibrium is excessive. 
In the end, efficient operation of the analytical 
laboratory demands one apparatus for each kind 
of sample analyzed. 

3. The Koppers-Hinckley-Podbielniak appara- 
tus examined presented a serious health hazard by 
liberating harmful amounts of mereury vapor 


436 


into the laboratory air. (The design has recent) 
been modified in the attempt to eliminat: thi 
hazard.*) 


III. General Plan of Experimental Stud 


The general physico-chemical behavior of thy 
absorption system was studied principally |) 
means of analyses of inlet and outlet gases. Thos 
analyses were made by the mass spectromete: 
For each of several mixtures of different compos. 








tions, reproducibility was measured in such a way 
that any change of composition on sampling was 
eliminated from the measurement. Accuracy was 
estimated by comparison with the mass spectrom, 
eter and the freezing point method. 

Several modifications of the maleic reagent wer! 
studied. The effects of rate of flow, compositio: 
of reagent, and change of composition of samples 
were observed. General operating characteristic 
were noted, and some suggestions for modificatio; 
of apparatus and procedure were derived. 


IV. Physical Equilibria in the Koppers. 
Hinckley Apparatus 


In the volumetric determination of conjugate: 
dienes by reaction with maleic anhydride or sin- 





ilar reagents, large errors may be caused by th 
solution of various constituents of the gas sample 
which do not themselves react. The essential 
feature of the Hinckley apparatus is the provision 
for displacing dissolved gases from the reagen! 
used to remove conjugated dienes. This displace- 
ment is effected by a stream of carbon dioxid 
(sufficiently air-free), which delivers the portion 
of the sample that does not react through a strong 
solution of potassium hydroxide to a burette where 





Since its preparation there hav 
One of these 


* This report was prepared late in 1945, 
been advanced two variations of the methods here cited. 
the Shell-Torrance Modification that employs a second buret for the measur 
ment of residue, as suggested in this report. The other modification 
number 10 in the progression of the RuR L. M.2.1.1.—Series. L.M.211 
employs a modified CO: absorber and notes two changes of procedure 
Excess stopcock lubricant is removed by a benzere flash; (2) 40 ml of frest 
KOH is introduced at the top of the buret for measuring residues at the 
beginning of each analysis. Hinckley has offered a few observations to ind 
cate that these changes have made it possible to attain a reproducibility 
+0.2 percent instead of the 40.4 percent noted above. However, 1 
claim is made in the description of either of the two newer modifications 
L. M. 2.1.1.7 or L. M.2.1.1.9. There is no change of sufficient significance 
the modified physical-chemical picture offered by L. M.2.1.1.10 to tempt te 
prediction that a reproducibility of +0.2 percent would be generally realize 
in the alternate analysis of samples of widely varying composition, © ithout 
equilibration between analyses. Of the two modifications, that ad\ance¢ 
by Shell-Torrance is based on sounder physical principles in regard ¢ 
nating the error of a shifting saturation pressure with respect to water ‘aj 
in the residue, a matter discussed in the body of the present report 
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ey ently 


ite this 


is -olleeted over the solution of potassium hy- 


The equilibria with respect to dissolved gases 
ithin this apparatus are accordingly pertinent 
wie from the chemical reaction, since they con- 
devably determine not only the degree of accu- 
cy achieved but also directly set the operating 
quirements with respect to obtaining necessary 
anks -a very practical consideration from the 
jewpoint of total time required. Approximately, 
« following physical picture may be expected 
ithin the apparatus: 

|. A fresh dose of maleic anhydride and a new 
sarge of potassium hydroxide solution are poured 
to their allotted compartments. Carbon diox- 
e is thn put through the apparatus until the 
‘trained air is almost completely displaced and 





\ 
Study 


of thy 
lly by 
Thes 
eter 
TILPOs|- 
a way! 
ae Was 
CV Was 
trom 
it were! 


ISIt iO! . 
ie residue shows an accumulation of gas over the 


tassium hydroxide no greater than 0.01 ml per 
) minutes. At this time the condition of the 
vo reagents is about as follows: 

a) The maleic anhydride is approximately 
aturated with respect to carbon dioxide and 
robably contains very little dissolved air. 

(b) The potassium hydroxide solution contains 
issolved air, Which has not been displaced by the 
arbon dioxide. (Even when pure carbon dioxide 
s absorbed by a solution of potassium hydroxide, 
residual minute bubble always remains following 
he complete absorption of CO,, providing the 
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Catoy 


pers- 


gated 
y Sim- 
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mpl 
ential 





risioh @olution contains any dissolved air, which it 
agen! Wlways does unless the air has been carefully re- 
lace- Bnoved. This oceurs because air is displaced to 


oxide Whe gas phase during the absorption and eventual 


isappearance of the bubbles of CO,.) 

2. Next a measured sample of the hydrocarbon 
uxture is pushed through the maleic anhydride 
v the continued stream of carbon dioxide, and 
he unreacted residue is in turn pushed through 
he CO, absorber and collected over the potassium 
vdroxide in the burette. The residue is collected 
mtil its volume remains constant, which is the 
noment designated for its measurement. At this 
ime, the condition of the two reagents is about as 
ollows: 


rtion 
[rong 
vher 


The maleic anhydride contains some dis- 
olved hydrocarbons that have not yet been com- 
letely displaced by the carbon dioxide, and the 
vsidue is correspondigly too small. 

The potassium hydroxide contains dissolved 
ocarbons, which in turn have displaced some 
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air to the collected residue. Since the hydro- 
carbons are more soluble than air, the residue is 
too small by this difference. The potassium 
hydroxide is not vet in equilibrium with the hydro- 
carbons delivered as residue. 

(c) The potassium hydroxide is mixed with 
petassium carbonate, and the solution now has a 
different vapor pressure. 

These conditions, given in (2a) and (2b) above, 
have been illustrated experimentally: 

(2a) The presence of dissolved hydrocarbons in 
the maleic anhydride was shown as follows: 

After 11 analyses of a sample containing about 
15 percent of 1,3-butadiene, a blank was obtained 
by purging with CO,. This required about 7 
hours. At the end of 3% hours, 0.75 ml of residue 
had been collected. The analysis of this residue 
by mass spectrometer was: 


Percent 
Propadiene 1.2 
Propane <a 
1, 3-Butadiene 1.2 
1-Butene 39. 6 
2-Butene 39.3 
Iso-butane OS 
n-Butane_ . &8 
Pentenes 1.1 
Vinyl cyclohexene _ » =i 


(2b) The fact that 
solution dissolves notable amounts of the hydro- 
carbons composing the residue may be shown by 
collecting the residue and reading the volume 
with lapsing time. Here is an example: 


the potassium hydroxide 


Volume of 


Time residue 
ml 

2:39 p. m-_ : 0. 00 
2:54 3. 65 
2:55 3. 64 
2:56 - 2. 63 
2:58 = 2. 62 
3:00. ; 3. 60 
3:02 o 3. 57 
3:04 3.55 
3:06 3. 52 
3:09 a 3.51 
8:30 a. m. (following 

day) 3. 34 


This overnight reduction of volume is always 
noted. The immediate contraction after obtaining 
an apparent maximum is net always noted, but 
for the sake of reproducibility (and greater 
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approach to accuracy) it appears important to 
capture the reading at its maximum. 

The condition given in (2c) above introduces 
another error. The continual conversion of the 
potassium hydroxide to the carbonate, with a 
consequent increase of the saturation pressure of 
the solution, imposes the condition that no two 
gas volumes taken successively are comparable 
with respect to the pressure of water vapor. The 
measurement of the residue is converted (by means 
of a chart) for the change of the saturation pressure 
of the solution of potassium hydroxide with 
changing temperature; but this measurement still 
remains in error by an amount corresponding to 
the difference between the saturation pressure of 
the hydroxide and that of the varving mixtures of 
hydroxide and carbonate over which the residue is 
collected. This may amount to as much as 2 
percent, depending upon volume of residue, 
concentration of carbonate, and temperature. 
The error may be corrected if the saturation pres- 
sures are known, but such a correction involves 
knowledge of the composition of the solution as 
well as the temperature. A similar case was studied 
in the Van Slyke Manometric Apparatus.' 

Such an error is easily eliminated by designing 
the apparatus to permit measurement of the 
volumes to be compared in a separate burette 
where saturation with water alone is possible.’ 

A simple experiment illustrates the combined 
effect of the error of solubility of the gaseous resi- 
due in the confining liquid and the change of the 
saturation pressure of this liquid. Large residues 
were collected and measured, and thereafter 
portions (1 to 5 ml) of fresh potassium hydroxide 
solution were admitted through the top cock of the 
burette. The diminishing volumes of the resi- 
dues are given below: 


Residue before ad- Residue after ad- 
mitting fresh KOH ~~ mitting fresh KOH 
solution solution 
ml ml 
86. 94 86. 40 
86. 20 86. 04 
S86. 26 86. 10 
86. 40 86. 14 
S6. O94 86. SO 


1 Martin Shepherd, BS J. Research 12, 551 (1994) RP6so. 
? Martin Shepherd and E. ©. Sperling, J. Research NBS 26, 341 (1941 
RPLSO 
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The rate of obtaining essential equilibriy 
between hydrocarbon residue and the “potassiy 
hydroxide solution” will depend upon the compos 
tion of the residue, degree and length of conty 
between residue and solution, temperature a 
composition of the solution, pressure of the res 
due, and such matters. A small amount | 
residue leaves a long column of solution relative! 
isolated in the burette; a large volume may near 
empty the burette and discharge the solution 
the absorber where the mechanics of flow wi 
speed the approach to equilibrium. 

The effect of these partial equilibria may appe: 
during the initial analyses with fresh male 
anhydride and fresh potassium hydroxide. Hey 
is a series of analyses made under such condition 
(Sample 43-3) : 





Conjugated dienes 


Percent 
15. 32 ; 
14. 60 
14. 43 
14. 46 
14. 17 
13. 95 
13. 98 





The first residues were too small, because of tl: 
absorption of butenes and other hydrocarbon: 
The indicated purities were correspondingly his! 
at first. 

With the same maleic reagent, but fresh KO! 
solution, these results were next obtained: 


Conjugated dienes 


Percent 
14. 81 
14. 68 
14. 54 
14. 55 
14. 53 
14. 50 


Such behavior as this naturally causes erm” 


when samples of differing composition are suce’~ 
sively analyzed. The following examples illi~ 
trate what may be expected. The sample 
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juilibriy| My mined contained approximately 95, 86, and 15 This was followed by four analyses of Sample 














DOL assiyy rcent conjugated dienes, and they were analyzed P-6: 
COMposf Mh succession as reported below: 
f conty Fresh maleic anhydride and potassium hy- Conjugated dienes 
ture anf Mypoxide solutions were put into the apparatus and 4 
pe . am ° > 
the red Me “blank with CO,”’ was obtained as follows: yy 
Sod. 
nount \ 86. 11 
relative — om 86. 07 
AV near 86. 09 
lution | : 
fl Minutes ml s : . 
OW wi 0 0. 22 Next, six analyses of Sample 43-3 were per- 
10 0. 60 formed: 
¥ appe: 40 1. 06 —__—___—_ 
» «males 70 1. 21 Conjugated dienes 
: ‘ 
e. Hey oe ‘ bs _ 
aca .§ > 
onditior ° Percent 
130 1. 60 15. 74 
150. 1. 64 15. 38 
170 1. 68 15. 68 
210 1. 74 15. 49 
270 1.81 
290 1. 83 _ 
( 310 1. 85 With another change of maleic anhydride and 
340 1. 87 potassium hydroxide, the following analyses were 
370 1. 88 made in the order given: 
Conju- 
Four analyses of sample P-6 were made. These gated 
esults were obtained: dienes 
se of the —— 
Conjugated dienes Percent 
-arbons &6. 33 
rly hig! 86, 28 
. Percent 86. 10 
aa ‘86. 70 86. 08 
I} “ 
h KO! 86. 31 ee 86. 09 
86. 31 —- 86. 07 
86. 29 86. 07 
86. 29 86. 06 
86. 06 
rrobably a mistake 86. 07 
Next, four analyses of Sample DDC-S8R-379 “ oo 
oo. 
vere made, and the results were: 14. 69 
Sample 43-3 14. 76 
Conjugated dienes 14. 0 
14. 37 
Percent [ 85. 47 
7 06. 10 85.77 
asin 96 14 Sample P-6 85. 93 
succes 96. 18 86. 06 
s illu 96. 18 86. 11 


ri mples 
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From the above analyses it will be noted that: 

1. A change in composition of the sample 
makes it necessary to set up a new equilibrium in 
the reagents before reproducibility is attained. 

2. If this change in composition is not great, 
two or three analyses may establish the required 
new equilibrium. 

3. If the change in composition is considerable, 
five or more analyses may be required to set up 
the requisite new equilibrium. 

4. In going from a sample of relative high purity 
to one of lower purity, the initial analyses of the 
second sample will indicate too high a purity. 
The reverse effect is obtained by proceeding in the 
opposite direction. This is a natural consequence 
of the changes in physical equilibria previously 
discussed. 

5. Freedom from the error caused by a changing 
vapor pressure of water with a change of composi- 
tion of the system KOH+K,CO,+H,0 is es- 
tablished in this experiment by the reproducibility 
attained at the end of each series of analyses, and 
the further fact that the final analyses of the second 
series of P—6 yielded the same values as the final 
analyses of the the first series of analyses of this 
sumple, whereas the apparent amount of conju- 
gated diene would have progressively decreased 
in the second series had the vapor pressure of the 
absorbing solution been progressively rising by a 
significant amount. The change in vapor pres- 
sure, however, would in time have introduced a 
large error. The solution should never be used 
until expended, but rather discarded at about 
half its useful life. 


V. Physico-Chemical Equilibria in 
the Koppers-Hinckley Apparatus 


The net chemical and physical behavior of the ab- 
sorption processes in the Hinckley apparatus may 
be copveniently studied through analyses of both 
the original sample and the residue after absorp- 
tion. Such analyses may be made with the mass 
spectrometer. Since the volume of both sample 
and residue for the Hinckley analyses are known, 
the volume of each component present in both 
sample and residue may be computed from their 
analyses. These data indicate how much of each 
component Was correctly or incorrectly retained 
in the maleic absorber and confining fluid and how 
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much of each was correctly or incorrectly deliver 
to the residue. A balance sheet compose:| fro, 
these data discloses at a glance how matters styy 
and offers a basis for correcting the volume 
analysis on the assumption that the analyses 
both residue and original sample by the mag 
spectrometer are correct. 


In some of the cases examined, these ty 
analyses appeared to be consistent in mos 
respects, and the volumetric determination | 


conjugated dienes can be brought into satisfactory 
agreement with the original analysis of the samp| 
by the mass spectrometer if corrected in the may 
ner indicated by the balance sheet. In some cased 
however, more of one component may appear i 
the residue than existed in the original samp) 
This embarrassing excess must have been gene 
ated or contributed by either the mass spectrom 
eter or the Koppers-Hinckley apparatus (or bot) 
and because the source of this excess is not pos 
tively known its presence must for the momen’ 
be termed a minor miracle. However, it is poss. 
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ble to explain the excessive amounts of these conf 
ponents if we assume that: 1. No chemical « 
physical process within the Hinckley apparatu 
vielded the excess product, and, 2. the mas 
spectrometer is capable of yielding a better analy] 
sis of the impurities in a sample of 1,3-butadiew 
if the impurities are concentrated in a residue an 
this residue is analyzed. Thus the interferene 
offered by large amounts of 1,3-butadiene 
eliminated. 

The latter assumption is certainly straightfor- 
ward. The soundness of the first assumption ¢e- 




















pends primarily on the physical behavior of tly 
Hinckley absorbers. There are times when it © 
apparent that equilibrium has not been attained 
but it is equally true that definite enough equill- 
rium can be established and maintained, and « 
long series of results obtained with separate por- 
tions of a single sample of uniform compositic 
will assure this fact. At such times, the tw 
abundant appearance of a component in th 
residue may indicate the need to correct the com- 
position of the original sample as measured by tly 
mass spectrometer, by means of the mass spectro 
eter’s analysis of the residue. This assumes th! \ 
the maleic reagent has itself made no contrib: 
tion to the residue through chemical reaction ; a 
this assumption appears reasonable to oral’ 
chemists. 




































Journal of Research 

















































clivenlEquilibrium in the Analyses of Specification- 
ed troy grade Butadiene 
rs Stay 
omer Mag? he use of specification-grade samples permits 
lyses (@mparison with the results obtained by the 
mad pezing point method, and this furnishes more 
a for the estimation of the accuracy of the 
se tyf Mpppers-Hinckley method as relates to this 
1 mod articular grade of sample. For this reason, and 
tion [Meause the apparatus was specifically designed 
factor the analysis of this particular grade of buta- 
sampi] @Bne. these analyses have been selected to study 
e ma » physico-chemical equilibrium by the use of the 
© Cased trometer. 
pear In the ease of the samples examined, the com- 
amph| funds present in excess were primarily butenes. 
conor A does not appear likely that these were manu- 
trop, etured in the Hinckley apparatus, and the 
both |gpysical equilibria were so well adjusted that no 
t posi dden surge of butanes can be suspected. The 
tomentimeidues were taken for analysis by the mass 
. poss. iectrometer after a blank had been obtained and 
eo copdater five to eight analyses agreeing to +0.01 
‘cal of agrcent had been made to establish satisfactory 
ara aguilibrium in the Hinckley apparatus. Under 
mod Meese circumstances, the analyses of the residue 
analy. mass spectrometer would reasonably seem 
adien aarer to the true composition with respect to 
ie an tenes than was the analysis of the original 
crepe gmaple by mass spectrometer. If this is true, the 
me iss spectrometer can be corrected by the mass 
ectrometer, 
Jntfor. ag The data are tabulated in table 1. Column 2 
on de ves the analysis of the residue by mass spec- 
of thy mometer, and column 38 gives the corresponding 
, it < Mplumes of each component computed from the 
rined gpown volume of the residue and its composition. 
juilib- jumn 4 gives the amounts of each component 
ad the original sample of 100 ml. (The values are 
por gee same as the mole percents reported by the 
sition MESS Spectrometer). Columns 5 and 6. give, 
» too aspectively, the amounts of each component 
th rreetly and incorrectly retained by the maleic 
com. gezent. Amounts appearing in column 6, there- 
‘all re, represent plus corrections to be made to the 
‘rom agpeesured residue. Columns 7 and 8 give the 
thar g@uounts of each component that were present in 


residue, 


again correctly and _ incorrectly; 
imn 8, therefore, represents a list of minus 
rrections to be applied to the measured residue. 
imn 9 notes the amounts of any components 


ribu- 


, ann 


‘ermination of Conjugated Dienes 





found in the residue that were not in the original 
sample. 
TaBLe 1. Balance sheet showing amounts of each com- 
ponent before and after passing through the maleic absorber, 
according to the mass spectrometer 


Vo e re- » 
lume re Volume 


Vol-| ‘ained in | discharged 
ume maleic to residue Not 
Residue of anhydride in 
Component from maleic origi- —— ong 
absorber nal nal 
sam- | Cor- | Incor-| Cor- | | sam- 
ple rect- rect- | rect- a. ple « 
ly ly « ly ly * 
CYLINDER 55-15 
Per- 
cent ml ml ml ml ml ml ml 
1, 3-Butadiene 0.1 97.82) 97.82 
1, 2-Butadiene ~ 
Propylene 1.9 0.04 0.05 0.01) 0.04 
1-Butene 30.2 70, «1.48 7s 70 
2-Butene 67.5 1. 56 5S as OS 
Total butenes 97.7 2.25 2.06 2.06 nw 
n-Butane o4 0.01 0.08 0.02) OO 
Pentenes of 
Pentadiene 
Dimer 0.02 0.04 0.04 
Measured total 2.31 
lotal corrections +0. 07 O.% 
CYLINDER 514 
1, 3-Butadiene 01 98.14 9S. 14 
1, 2-Butadiene 1.5) 0.03 0.08 
Propylene 44 oo 0.06 0.06 os 
Total butenes 92.5; 1.98) 1.72 72 2h 
a-Butane 1.5 6.08 0.04 0.01) 0.08 
Dimer OF O5 
Total 214 + Of) t. 32 
CYLINDER 11-20 
1, 3-Butadiene 0.1 YS. 62) YS. 62 
1, 2-Butadiene 1 
Propylene 0.03 0. 03 
Total butenes 9.1 1.49) 1.32 0.17 
n-Butane 0.2 0.02 0. 02 
Dimer. 9 0.01 02 ol 
Total 1. 51 O8 
CYLINDER 86-2 RuR-SR 
1, 3-Butadiene 1.7 0.08 97.97 97.94 0.08 
1, 2-Butadiene 2.0 4 0.17 O13 O04 
Propadiene 20 4 0.04 
Propylene 0.2 0.08 0.08 
Total butenes. ot 1LS7 1.82 1.82 0.05 
lentenes 0. 02 
Dimer Os 0.05 0.05 
rotal 1. 9S +0. 21 —0 08 6.09 
See footnotes at end of table 
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TaBLe 1. Balance sheet showing amounts of each com- 
ponent before and afler passing through the maleic absorber, 
according to the mass s pectrometer—-Continued. 


Volume re- 


i i Volume 
tained in b 
one maleic Gealie Not 
Residue of anhydride . in 
Component from maleic origi- —— 7; Oe origi 
— om In- = 
sam- Cor- Incor- | Cor- a ee 


ple | rect- | rect- | rect- 
ly ly « ly _ 


CYLINDER 55-17 


Per- 

cent ml ml ml ml ml ml ml 
1, 3-Butadiene 0 98. 30) OS. 30 
Butenes 9.2 #16 1.61 O15 1.46 
Propylene 01 8015 0.63 O15 0.015 
Butanes 2 03 02 @ i.. 0.01 
Vinyl cyclohexene l O15 4 0.025 ‘ 0.015 
Pentene 1 O15 O15 0.015 
Dimethyl ether 2 03 08 03 
Ethyl alcohol ! O15 - O15 ; 015 
Total 100.0 1.47 (meas- 


ured 


* These values correspond to plus corrections (See text). 

* These values correspond to minus corrections (See text), 

© These components were not present in the original sample and therefore 
are of undetermined origin. 


Note: If the dimer is not removed from original sample, the Hinckley 
analysis will be in error (unless corrected), but it cannot be said from the 
chemical viewpoint that the dimer is “incorrectly retained’ by the maleic 
anhydride. 


The balance sheet for each sample may be 
briefly considered. 

In the case of sample 55-15, no significant 
amount of 1,3-butadiene was found in the residue. 
A trace of 1,2-butadiene not found in the original 
sample is reported in the residue—but the amount 
is not significant. Of the 0.05 ml of propylene 
found in the sample, 0.04 ml appeared correctly 
in the residue, leaving 0.01 ml incorrectly retained 
in the maleic reagent. (Actually, this is not a 
significant difference but is mentioned to illus- 
trate the method of computing.) Of the 1.48 ml 
of 1-butene reported in the sample, only 0.70 ml 
was found in the residue, indicating 0.78 ml as 
incorrectly retained in the maleic reagent. On 
the other hand, of the 0.58 ml of 2-butene reported 
in the sample 1.56 ml bobs up in the residue, an 
excess of 0.98, which is listed in column 8. This 
picture with respect to the butenes appears out of 
line. It seems more plausible to consider the 
butenes as a group rather than individually, and 
this certainly gives a cleaner analysis. Com- 
puted on this basis, there remains 0.20 ml of total 
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butenes in excess of the amount presen: jy ; 
sample. If 2.26 is accepted as a better \ aly 
total butenes in the original sample than the ? 
reported, the corrected value, 97.62, ay 
exactly with the value obtained by the frees 
point. Continuing as before, only 0.01 mil of | 
original 0.03 ml of n-butane appears in the 
due, and no significant amount of the origi 
0.04 ml of dimer appears in the residue. 7 
latter is, of course, to be expected and shoul 
corrected. Ignoring the butenes as individy 
this leaves a balance of 0.07 ml plus correc 
and no minus correction. The residue measyy 
was 2.31; the correct residue is 2.38; and the | 
butadiene, correspondingly corrected, is 97; 
Thus the freezing point, mass spectrometer, , 
method L. M. 2.1.1.7 can be brought into extra on 
dinary agreement. 

In the case of sample 5-14, a total of 0.32 m! 
butenes, propylene, and 1,2-butadiene appears 
the residue in excess of the amounts reported | 
the sample. The original analysis by mass sp 
trometer gives a corrected value of 97.83 percef : 
of 1,3-butadiene. The volumetric analysis correc 
for components incorrectly retained in the maj 
anhydride yields the value 97.80. But the freezi 
point value is 97.98. 

The balance sheet for sample 11-20 gives clos 
agreement. Corrected for the more modest exe 
of 0.17 ml of total butenes, the original me 
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spectrometer value becomes 98.45. The voll ome 
: . ° spec 
metric value, corrected for 0.06 ml incorrect ot 
eins 

retained in the maleic reagent, becomes 98.43. T! 2 | : 


freezing point gave 98.48. 

The results from sample 86-2 are not so sat 
factory. Originally there was fine agreeme! 
between the three methods; but a large correct 
for components incorrectly retained in the mal 
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reagent lowers the volumetric value to 97» cain 
There is also a minor excess of 0.09 ml, why Reins 
lowers the mass spectrometer value to 97.88. T! wale 
freezing point remains frozen at 97.99. aan 

In the case of sample 55-17, the balance she woh 


shows no significant amount of any compound 
the residue not originally present in the samp The 


Some of the butene fraction onzinally present) Brent 
not appear in the residue, and the Hinckley res @ppar: 
can thus be corrected from 98.53 to 98.38 perce! Bass > 
The analysis of the original sample by the m-: @ppar 


}, 





spectrometer was 98.30. There was no meas! ey 
ment of the freezing point. prard 
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W})s original and corrected data are tabulated in 

2». Columns 2, 3, and 4 give the original 
ues obtained by the freezing point, mass 
birometer, and volumetric (L. M. 2.1.1.7) 
thods, respectively. Column 5 gives the volu- 
tric value corrected by the mass spectrometer 
the manner just described. Column 6 gives the 
ss spectrometer value corrected by the com- 
bed Hinckley-mass spectrometer procedure, also 
t deseribed. 


pie 2. Analyses of specification grade 1,3-butadiene by 
reezing point, mass spectrometer, and Hinckley method 


L.M Mass 
21 1 > spec- 
nomnet trometer 
; corrected ee 
ale — Mone L. M. sap a 
Sa rhe oc > Dd ass : 
point | trometer | 2-!-1-4 a Hinckley- 
> mass 
ote 
trometer spec- 
trometer 
Percent Percent Percent Percent Percent 
‘k 97. 62 97, 82 97. 69 97. 62 97. 62 
97. 98 98. 14 97. 87 97. 80 97, 83 
a) gS. 48 OS. 62 Ys. 50 OS. 43 98. 45 
? 97.99 97.97 98. 02 97. 84 97, 88 
7 None 9&8, 30 Os. 53 Ys. 3S 


If we arbitrarily consider differences of less than 
| percent as agreements, we find the following 
ch agreements in the first four samples reported : 


iginal freezing point with original mass 


spectrometer ] 
iginal freezing point with original L. M. 
2.1.1.7. ‘ 3 
iginal mass spectrometer with original 
L. M. 2.1.1.7_. a 
iginal freezing point with corrected mass 
spectrometer_ 2 
‘iginal freezing point with corrected 
volumetric ai 2 
riginal mass spectrometer with corrected 
volumetric : 0 
rected mass spectrometer with corrected 
volumetric ; 4 


These comparisons do not seem to provide suf- 

‘tent reason for purchasing a Koppers-Hinckley 

pauratus to correct a mass spectrometer, or a 

uss spectrometer to correct a Koppers-Hinckley 

paratus, or either to correct a freezing point. 
‘y do suggest a more realistic attitude with 
ird to analytical tolerances. 
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2. Effect of the Amount of Diamylamine Inhibitor 
in the Maleic Anhydride 


Amounts of diamylamine varying from 1 to 7 
percent have been recommended. The three 
concentrations favored by various laboratories 
were tested: 1 percent, 2 percent and 7 percent. 
The original ampoules of maleic anhydride sup- 
plied with the apparatus (supposedly official) 
contained 50 g of the reagent. This amount was 
first used, but afterward it was increased to 65 g 
(Hinckley’s recommendation). A sample con- 
taining approximately 96 percent of 1,3-buta- 
diene was used throughout these measurements. 
It was selected because it contained 1,2-butadiene 
and apparently the majority of the “difficult” 
components (styrene excepted). The sample and 
residues were analyzed by the mass spectrometer, 
and these analytical data, together with the 
analyses by the Hinckley method, are shown in 
table 3. This table is arranged in the same man- 
ner as the previous tabulated balances, except 
that the volumes (in ml) of each component found 
in the residue appear in a single column. The 
algebraic signs indicate corrections. 

The data show notable amounts of 1,3-butadiene 
escaping the maleic reagent that contains only 1 
percent of diamylamine; and this error was larger 
with 50 g of reagent than with 65 g of reagent. 
Results with the reagent containing 7 percent of 
diamylamine are too confused to mean anything. 
There were large amounts of almost all of the 
components present in the residue that were not 
found in the original sample. Check observations 
yielded the same story, and an analysis of the 
“blank”, or gases collected after this series of 
analyses and during the subsequent continued 
passage of carbon dioxide through the reagent, 
again showed the presence of components not 
originally in the sample. A long series of analyses 
yielded no satisfactory reproducibility, and the 
7-percent variant was accordingly discarded along 
with the 1 percent. The reagent with 2 percent 
of diamylamine did not give a perfect performance, 
but there were no greatly embarrassing excesses, 
and the results could be coordinated with those of 
the mass spectrometer. The Hinckley analysis, 
corrected by means of the mass spectrometer, 
gave the result: 95.62 percent conjugated dienes 
a very satisfactory agreement. 

Just how the “inhibitor” functions is not entirely 
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known. The analyses indicate that less 1,2-buty- 
diene is retained by the reagent containing 2 
percent of the inhibitor than is retained by the 
l-percent variant; but the 7-pereent variant 
yielded no 1,2-butadiene to the residue. Instead, 
an embarrassing increase in both butanes and 
butenes is noted. Whatever the chemical picture, 
it seems that the change in surface tension of the 


maleic solution with addition of the diam \lam), 
inhibitor results in the formation of smaller jyub}), 
of ascending gas and that the 2-percent variant, 
more suitable in this respect than the 1 perce 
Herein may lie its real contribution. 

Other analyses reported herein, including tho 
of section V, 1, were done with 65 g of the ma} 
anhydride containing 2 percent of diamylamine 


Tasie 3. Effect of the diamylamine inhibitor 


| 


Results with 1 percent inhibitor 


Composi- | og of reagent 
tion of 
original mee 
Component sample Hinckley | Analysis 
by mass = ; Amount 
spectrom-| 22alysis | of residue | ‘o¢ com. 
st of origi- by mass - 
eter . ponent in 
nal spectrom- " ocidue 
sample eter 
Percent Percent Percent ml 
1.5- Butadiene 95. 60 6. 40 10.0 *—0. 36 
1,2- Butadiene Ll a0 b+. 32 
Propadiene 0.18 S6 °. 31 
Propylene Os 1.7 +. 06 
Propane 
1 Butene 2. 24 0 »+1.91 
2 Butene 0. 68 17.0 »+0. 61 
n- Butane Us O45 »+.02 
i Butane 
Pentadiene 0.01 
Pentenes 1 
Pentanes 


Vinyleyclohexene 


* Should not have been in the residue. 


Results with 2 per- 
cent inhibitor 65 
g of reagent 


Results with 7 » 
cent inhibitor 
g of reagent 


Result. with | percent inhibitor 
65 g of reagent 


Hinckley Analysis Analysis - Analysis 
analysis — of residue pe pny of residue pny of residue‘ a 
of origi- | by mass onent in| OY MASS | onent in| bY mass 8" 
nal spectrom- pnt IN| spectrom. | POM spectrom. Pen 
sample eter residuc perc residue er resid 
Percent Percent mi Percent ml Percen’ ™ 
6. 35 46 =—O0. 17 ol 02 - 
14.3 b+. 52 16.1 +0. 59 
3.1 «—.11 3.7 s—.14 O45 
Ls b+. 07 Ls b+. 07 16 
“3.5 2. 32 57.9 b+2.14 35.5 
12.0 +4 18.5 0.69) 32.1 
O5 +.02 05 »+. 02 24.0 
4.9 
0.02 0.02 
1 11 >+0.04 19 
06 
1 o4 ol 1 


» All of the component should have been delivered to the residue, but the amount represented by the difference between the total originally present » 


hat found in the residue was incorrectly retained in the absorption system. 


© More of the component was found in the residue than was found in the origina! sample. 


3. Effect of Rate of Flow of the Sample Through 
the Maleic Absorber 


The rate of flow specified is 35 ce of carbon 
dioxide sweeping gas per minute. Four rates 
were tried: 10, 35, 80, and 100 cc/minute. An- 
alyses of the residue by the mass spectrometer are 
tabulated below: 

Tare 4. Effect of rate of flow of sweeping gas 


Residue 

Component pny Flow, Flow, Flow, Flow, 

10 ce, 35 ce SO CC; 100 ce, 

min min min min 
Percent Percent Percent Percent Percent 
1,3-Butadiene 95. 60 o1 Ol ol O1 
1,2-Butadiene 1 16.2 13.9 15.6 | 16.2 
Propadiene 0. 18 3.7 6.7 6.0) 6.6 
Propylene 08 Ls 2.1 1.5 1.2 
1-Butene 2.24 4 wo4 59.6 58.3 
2-Butene 0.68 18.7 16.0 16.4 | 16.9 
n-Butane 08 O5 0.6 0.6 0.5 
Pentenes_. all 2 ia .2 
Pentadiene (2 1 gaan 
Vinyleyclohevene 4 0.2 1 01 
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(The excess is the difference between the two.) 


From these data it may be concluded that 35: 
per minute is a very safe rate for the sweepi, 
gas. Indeed, were it not for the fact that fritte 
disks such as are used to break up the gas strear 
entering the absorber vary somewhat in their pe! 
formance, it would be well to increase the recom 
mended rate and so shorten the time required fo 
a determination. (An analysis at the 10 ccm 
rate required over an hour; that at the recom 
mended 30 ce/min required 22 minutes; but tl 
one made at 80 cc/min took only 10 minutes 
However, the safe rate should be determined fv 
each fritted disk used if any departure from tl 
instructions is contemplated. 


VI. Accuracy and Reproducibility 


The accuracy obtained in analyzing specific 
tion-grade butadiene can be estimated by cone 
parison with the results obtained by the ma» 
spectrometer and the freezing-point metho? 
These have been previously noted (table |) at 
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Not dried 


ried over 


Average 
Average de 


Not dried 





























lamefndicate that a value +0.2 percent of the whole TaBLe 5. Analyses illustrating attainable reproducibility— 
ubbkfigmay be expected. No good estimation of accuracy Continued 
‘iant Aan be made for samples of lesser purity. se 
e . : onjugatec — 
-reoey A «When the apparatus is operating correctly, the ae Lote dienes | Analyst 
eproducibility to be expected with each type of 
thofiample may be given as follows: SAMPLE 11-2 
mal, | : ' 
: Approximate reproduci- 
line Conjugated dienes bility § (pereent by — by 
2 aqyrnd 3 rolume 
volume of the whole) | . ss. 40 | 88 
Not dried A 9%. 48 SS 
ercent | 4 9.48 SS 
h 7 98.5 or better £0.01 A #48 SS 
nt 85 to 95 + 0.02 to +0.24 B 98.51 | MS 
2 to 15 t 0.4 B 98. 51 Ms 
Dried over indicating drierite } B oo. oe | B68. 
, \ B w.51 MS 
‘ Depending upon the composition with respect to Cs and Cs hydrocarbons Cc o.% OMS 
a < bat may interfere with the reaction Cc #48 SS 
a F ; : Cc o.49 SS 
'vpical anslyses illustrating the attainable re- 
" Producibility have already been given in previous 
ections of this report. Others follow to supple- mien = 
re 2 Average deviation from average +0.01 
nent the range of composition not previously 
' “overed, 
iF . : me SAMPLE 86-2 
Papnte 5. Analyses illustrating attainable reproducibility 
' Condition Rees Conjugated Analyst Not dried ( 4 97.99 SS 
; dienes } \ 98.00 | SS 
i __ 8.01 SS 
SAMPLE 55-15 B 9.02 SS 
Cc #08 RL 
; ( w.05 RL 
Percent by Dried over indicating drierite Cc w.05 RLT 
rolume , 
ent ; B 97.67 MS. D 98.03 | RLT 
N 1 B 97.6% MS D 98.01 RL 
| BR 97.68 | MS. D 9.00 RL 
a 4 97.68 | RLT D #02 RL 
wa c 97.67 | RLT. 
pil; c v7.68 RLY. 
. Cc 97.8 RLT. Average 9S. 02 
itt Dried J oP pan 
ed over indicating drierite ( 97.70 RLT. Average deviation from average +0. 01 
real D 97.70 MS. 
D 97.70 MS. 
pe D 97.70 MS. 
on D 97.70 MS. SAMPLE 43-3 
1 fi A 97. 69 
m Average deviation from average +0. 01 4 15.1 MSs 
A 4.9 MS 
‘on driec 
SAMPLE 5-14 Not dried | A 4.9 RLT. 
th A 14.7 RL 
les | A 97.89 RLT. 
fo N | \ 97.9) RLT. 
A 97.89 RLT. Average 14.9 
tl 4 7.88 RLT Average deviation from average +0. 1 
B 97.85 RLT 
B v7.86 MS, 
B 97.86 MS B 4.0 RLT. 
ndicating drierite B 97.87 MS stan dete | B 4.0 RLT. 
uy ve ~ o ‘ “ . 
pa 7.67 | MS. - | 8 14.0 RLT. 
is ( 97.87 RLT. B 13.9 RLT. 
Cc 97.87 | RLT. 
m Cc 97.87 RLT 
lass 97. 87 Average 14.0 
ou Viation from average +0. 01 Average deviation from average 0). 08 
in otpote at end of table See footnote at end of table 
cht #Determination of Conjugated Dienes 445 








TaBLe 5. Analyses illustrating attainable reproducibility— 


Continued 
Condition Lot * Conjugated Analyst 
dienes : 
SAMPLE 43-3 
Percent by 
volume 
| c 15.0) RLT. 
. . ] Cc 14.9 RLT. 
Net Gree. | c 14.5 RLT. 
Cc 144.2) RLT. 
Average 14.7 
Average deviation from average +0.3 
| G | 14.4) RLT. 
. a 4.2) RLT. 
Not dried | G 14.0. RLT. 
a 4.0 RLT. 
Average 4.2 
Average deviation from average +0.2 
15.2 RLT. 
“4.7 RLT. 
4.8 RLT 
Not dried 4.4 RLT. 
14.4 RLT. 
15.6 RLT. 
15.3 RLT. 
Average ° 14.9 
Average deviation from average +0.4 
SAMPLE PL-152-11 
A 1.3) RLT. 
A L& RLT 
Not dried A 20) RLT 
| A 16) RLI 
A 14° RL 
| 
Average 1.6 
Average deviation from average 0.5 


* When the sample number is followed by a letter, the sample was taken 
into the Hinckley sampler, and samples with the same letter are of the same 
composition. Thus, the lettered samples give a measure of the reproduci- 
bility of the analytical procedure. Samples identified by number only are 
drawn individually from the cylinder into the measuring pipette of the appa- 
ratus. Thus, any change in composition upon sampling which intrudes into 
the analytical picture may be estimated by comparing groups of different 
letters, or samples identified by number only, once the reproducibility of the 
analytical method is measured. 


VII. Notes on the Operating Characte; 
istics of the Koppers-Hinckley-Podbie| 
niak Apparatus 


1. Occasional Erratic Behavior 


Even the best of all possible apparatus wi 
sometimes indulge in the perversity practiced |) 
inanimate objects, and the present apparatus ; 
no exception. The following experiment, whic! 
started as a series of analyses, to illustrate (ly 
vagaries of sampling, disclosed more than wa 
originally intended. The initial conditions wer 
as listed below. 

The apparatus was working correctly in 
visible respects. The maleic reagent had bee: 
used for nine analyses, (five of a sample containing: 
about 2 percent of conjugated dienes and fow 
of a sample containing about 96 percent of con. 





jugated dienes,) and had given reproducible r- 
sults in both cases. <A fresh solution of potassium 
hydroxide had been put into the absorber burett: 
A blank had been obtained. The analysis 0 
sample BB-574, Phillips Hydro-carbon Mixtur 
No. 6, was then undertaken. The cylinder wa: 
connected to the measuring pipette of the appar. 
tus by means of a 120-degree stopcock and nitr- 
meter tubing. This arrangement permitted flush 
ing the sampling line with mercury from the 
pipette and with gas from the cylinder. 

This is what happened: 

1. With the cylinder vertical, valve at top, ani 
sampling from the vapor phase, 6 analyses yielded 
the values 


Conjugated dienes 


Percent 
82. 56 
82. 17 
82. 68 
83. 25 
83. 29 | 
83. 12 
Avg _ 82. 85+0. 4 


2. The position of the cylinder was then re 
versed, and with valve at bottom “sampling 
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om the liquid phase,” 9 analyses yield the 


Conjugated dienes 


Percent 
82. 80 
83. 60 
83. 48 
83. 52 
81. 75 
81. 44 
82. 98 
82. 73 
80. 57 


Avg _.82. 54+0. 2 


3. A sample was then drawn from the inverted 
ylinder into the Hinckley sampler, so that four 
nalyses of the same mixture could be made. 
hese analyses yield the values 


Conjugated dienes 


Percent 
80. 76 
82. 35 
82. 33 
84. 72 
Avg. 82. 5441.09 











These results are worth a moment’s reflection. 
‘eries 1 was not expected to check series 2, al- 
hough closer agreement was expected within each 
cries. Series 3 was then made to show whether 
he divergence of individual results was caused by 
ampling or by the performance of the analytical 
pparatus. Apparently the divergence could not 
« blamed upon sampling, for series 3 indicated 
hat the apparatus was not yielding reproducible 
The cause was not apparent. Operation 
vas normal in all respects except that the normal 
yperating back pressure had increased from 7 to 
) psi, which is well within the limit set by the 
nercury relief seal. The joints were examined 
ind appeared to be well lubricated. They were 












results 












rch 





=> 


igvled about with no apparent change. The 
joints were then tested for leaks by soap solution, 
uv! no leaks were detected. These tests were 
epeated several times, and nothing was found 
mut f order, 
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The solution of potassium hydroxide was re- 
placed, and during the run for a blank the back 
pressure suddenly rose to the point of blowing the 
relief seal. The joints were disconnected and all 
lines found free, but the maleic-filled absorber was 
plugged. The maleic reagent could not be with- 
drawn from the bottom of the absorber even when 
vacuum was applied. It was withdrawn from the 
top, and a solid plug below the sintered plate was 
removed by dissolving in acetone. The absorber 
was cleaned with acetone, dried by a current of 
air, and a fresh charge of the maleic reagent put 
into it. The lines were again connected, a blank 
was obtained, and analyses of the same sample 
resumed. This time the following results were 
obtained: 

4. With the inverted cylinder (valve at bottom) 
three separate lots were taken into the Hinckley 
sampler. These analyses yielded the values 





Conjugated dienes 


Percent 
85. 93 
85. 95 
85. 97 
85. 94 
Ave. 85. 9540.01 


Lot A | 
86. O8 
86. 09 
Lot B 86. 09 
86. OR 

Ave. 86.0940. 01 

86. 12 
; 86. 10 
| 86. 10 


11+0. 01 


Lot C 


Avg — 86. 








5. With the cylinder inverted and connected 
as before to the measuring pipette, so that each 
sample was individually drawn from the cylinder, 
these values were obtained: 


Conjugated dienes 


Percent 

86. OS 

86. 28 

86. 38 

86. 9S 

86. 07 

86. 1640. 14 






6. The balance of the sample from lot C was 
then analyzed. (The Hinckley sampler had been 
filled under slight pressure in order to yield a 
sufficient amount for six analyses). The values 
obtained were: 





; P | 
Conjugated dienes 


Percent 

86. 10 
| 86. 14 
86. 09 
Avg___86. 1140. 02 





7. The inverted cylinder was again connected 
to the apparatus directly, and a series of indi- 
vidual samples were withdrawn and analyzed. 
The values yielded were: 


Conjugated dienes 
Percent 
86. 13 
86.15 
86. 33 
86. 28 
86. 10 
86. OS 
86. 09 
86. 07 
86. 07 
86. 06 
S86. O7 


Avg__ 86. 1340. 07 


The results of series 4 to 7, inclusive, may now 
be compared. Series 4 shows the apparatus giv- 
ing a pleasing reproducibility. The individual re- 
sults of each lot, A, B, and C, are in excellent 
agreement with themselves. Lot A differs from 
the other two by 0.15 percent, and this difference 
may be tentatively assigned to the vagary of the 
sampling procedure. The following series 5 was 
intended to estimate the extent of chance change 
of composition during sampling. Differences were 
found, the largest variation being 0.4 percent. 
Series 6 was designed to tie back to series 4, to 
show that the analytical apparatus was still per- 
forming in a trustworthy manner. Since series 
6, lot C, came from the same sampler as series 4, 
lot C, the apparatus was yielding consistent re- 
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sults. Therefore, the divergence observed 1 ser ff 
5 may be tentatively assigned to the vavary. 
the sampling procedure. Series 7 was designg 
to explore this vagary further. The procedyp 
used were the same as employed for series | 
The analyses in this series show both divergey} 
and close agreement depending on the part oft) 
list selected. 
Although the data obtained indicate that sap 
pling is erratic (a subject to be mentioned brief} 
at the end of this report), the immediate proble 
is with respect to the erratic behavior of 
Koppers-Hinckley-Podbielniak apparatus itse 
Except for a difference of 2 psi in operating pp 
sure, which was not at first considered significar 
there was no outward or visible difference 
operation of the analytical apparatus througho 
the entire series, 1 to 7 inclusive. There was 
reason for the analyst to believe that the apparat 
was not giving good results at first, except thd 
the results themselves were not as consistent 
he supposed they should be. Until series 3, the 
was no positive evidence that the apparatus wa 
giving poor analyses. Except for the change ; 
back pressure, the actual operating characten} 
tics, in so far as one could perceive, were the san} 
for both series 3 and 4. Series 5 complicates thf 
problem by introducing a different order of repr) 


ducibility than that obtained by each individu] 


lot of series 4. Faced with such data, the analy: 
does not know how to measure the performance 
the apparatus even in terms of reproducibility : 
the results obtained, unless he always uses th 
Hinckley sampler and performs many analyses 
each sample examined. His problem, then, | 
comes essentially one of finding the time to do 
decent analysis of all samples submitted to hin 

The importance of employing a sample contain 
capable of delivering at least five successive po 
tions of the same composition for analysis can 
be too greatly stressed. The foregoing exper 
ment shows that the performance of the apparatu 
with respect to reproducibility cannot be measur 
otherwise, and that this performance must | 
measured if the operator is to have any assurane 
of just where he is. 

Further experience with the apparatus indicate 
that an increasing back-pressure was often accoll 
panied by poor reproducibility. If the restrictio! 
occurred in the maleic-filled absorber, this w® 
always the case. Evidently the reagent is spoil 
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excessive water vapor or some of the heavier 

drocarbons. This may happen frequently, and 

en it does the warning of the pressure gage is 
ually the only indication of trouble, for the 
bpearance of the reagent is not enough for a 
agnosis. In itself, this warning is inadequate. 
ence, an actual measure of reproducibility must 
» retained. Unfortunately there seems to be no 
ndency on the part of RuR users to hold to 
is essential. 


Introduction of the Sample into the Apparatus 


Since there are two methods for introducing the 
mple they should be considered separately. 

(1) The first method (which we greatly prefer) 
volves the use of the special sampling tube 
ipplied with the apparatus. This tube is con- 
«ted to the mercury sump of the apparatus by 
heans of an interchangeable grinding. Interposed 
tween the female grinding sealed to the sump 
id the male grinding sealed to the sample tube 
a male-female grinding drilled with appropriate 
les. The intermediate grinding may be rotated 
ith respect to either of the other two, and the 
rinding on the sampling tube may be rotated 
ith respect to the intermediate grinding. All of 
1e necessary connections can thus be achieved. 
This system is not conventional and is therefore 
idly confusing at first glance. The written 
xplanation of its operation, while perfectly clear, 
papt to leave one’s eyes and hands in some doubt 
uring the initial experience. Actually, the 
stem is perfectly simple, and its operation is 
sy enough. It could be taught, by demonstra- 
on, to nontechnical personnel. 

After going through the necessary motions two 
r three times, the operation of this sampler is 
ot only simple, but it offers a convenient service. 
‘here there is any doubt about change of com- 
sition on sampling from a cylinder under pres- 
ire and this doubt must always exist for many 
‘pes of samples until it can be demonstrated 
fiat separation does not occur with each type of 
imple—the sampler can be used to establish 
eproducibility to the extent of four to six samples 
f ie same composition. Thus it may be possible 
» withdraw one lot of say four samples from a 
viinder, make four determinations in good agree- 

and then withdraw a second lot of four 
wiiples Whose analyses are again in agreement 
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with themselves but not necessarily in agree- 
ment with the first lot. 

The Hinckley sampler may be used in three 
ways: 

1. If it can be flushed with sample and there- 
after connected to the apparatus, the procedure is 
simple enough. However, specific directions 
should be given to insure complete flushing and 
such directions would involve a measurement of 
displacing gas in terms of volume or of time at a 
measured rate of flow. The latter combination 
is preferable since it fixes at least vaguely the 
reproducibility of the sampling. 

2. It can be filled with mercury which the 
sample will later displace. (In this event, a 
120-degree cock should be connected to the inlet 
to permit flushing of the sampling line with 
mercury from the sampler and with gas from the 
cylinder or source of sample, and a tee should be 
connected to a mercury seal of somewhat over 
barometric height.) 

3. It can be evacuated prior to filling with 
sample. In case this is done, the sample should 
be supplied at such a rate that no excessively 
reduced pressure occurs in the sampling line. 

The second method of sampling is to connect the 
source directly to the apparatus with the sampler 
displaced by a stopcock key. Again the 120- 
degree cock appended to the system will permit 
flushing the sampling line first with mercury 
from the apparatus and then with sample from 
its source. This cock amounts to a necessity in 
so far as we are concerned. The operations are 
simple. The procedure of sampling directly into 
the apparatus is poor, since a separation of the 
sample en route to the apparatus may alter its 
composition. 

3. Venting 


When the sample for analysis has been trans- 
ferred from the Hinckley sampler under some 
pressure to the measuring pipette, a necessary 
step in the actual measurement of this sample is 
to turn the sampler to connect the pipette to 
the mercury sump, which is vented to the atmos- 
phere through a small hole at the front of the 
sump. If the three bores involved become 
plugged with lubricant when the grindings are 
turned to make the necessary connections, the 
amount of sample is not known. A slightly 
generous use of the very viscous lubricant sup- 
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plied with this apparatus, combined with the 
pressure exerted downward by the weight of 
mercury within the sampler (which tends to 
cause the lubricant to exude), has actually pro- 
duced plugs of lubricant that interfere with 
measurement of the sample. When this happens, 
there is no decisive way of knowing it. Usually 
when the sample is properly vented, there are 
one or more indications that venting has actually 
occurred: a bead of mercury may be blown from 
the bores; the rush of excess sample into the sump 
is audible; the presence of excess sample in the 
atmosphere can be detected by its distressing odor. 
Sometimes no one of these three portents are per- 
ceived. A side tube projecting from the vent 
hole, to which is affixed a short length of smallish 
diameter rubber tubing terminating in a short 
length of glass tube which dips just under the 
surface of the water in the jacket surrounding 
the measuring pipette, is very helpful. Then, if 
excess pressure is relieved, it is positively indi- 
cated by escaping bubbles. If no bubbles appear, 
the operator knows that the connection is plugged ; 
or if water is drawn into the tube, the operator 
knows that excess pressure was never achieved 
upon drawing the sample into the measuring 
pipette. (This has happened when the mer- 
cury levels in the leveling bulbs belie the fact.) 

Errors caused by failure to vent are interesting, 
because they can travel to the right or left of 
center (speaking graphically). Thus, if excess 
pressure is not vented to atmosphere the sample 
will be too large by an indeterminate amount, 
the consequent residue too large, and the cor- 
responding purity too low. But if excess pres- 
sure has not been achieved in sampling, one of 
four conditions may be obtained. 

1. If the bores are plugged, the sample is too 
small by an indeterminate amount and the purity 
is correspondingly too high. 

2. If the bore is not plugged and the sump hap- 
pens to be filled with air when the pipette is con- 
nected thereto, the residue will be too large by the 
amount of air drawn into the pipette, and the 
purity correspondingly too low. 

3. If the bore is not plugged and the sump is 
filled essentially with carbon dioxide, which repre- 
sents the usual operating condition after the first 
analysis for the day, the sample will be diluted 
with carbon dioxide and will be correspondingly 
too small, with a purity correspondingly too high. 
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4. Finally, if the sump is filled with carly costh 
dioxide that contains any appreciable amount, 
the previous sample, the purity obtained snay |, 
either high or low, depending upon the proportiy 
of sample in the sump and its composition wiy 
respect to the composition of the sample to } 
analyzed. 

The connection to the water bath could elig 
nate these uncertainties. 
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4. Detection of Leaks 


The instruction manual supplied with this app 
ratus states: “Leaks will be troublesome unt 
great care is taken to have a tight system. Can 
ful greasing of stopcocks and joints and tight co: 
nections are necessary.”’ This is quite true. 

There are two procedures ordinarily used ; 
detect and guard against leaks. The first, an 
perhaps the most generally used, procedure | 
based upon the optimistic assumption that ther 
are no leaks. When this procedure is used, leak 
are detected by inductive reasoning. Thus 1) 
analyst may proceed from result to result until ; 
becomes apparent that results do not check ay 
he suspects, finally, that something has happene 
to the apparatus. For the present this procedw 
is presumably to be used with method L. \ 
2.1.1.7. To a certain extent, this is ineseapabl 
for leaks may occur at any time during the cours 
of any analysis. At any rate, once the leak : 
suspected it should be detected and repaired ay 
not simply repaired by completely reassembliyy 
the apparatus in the hope that this time it wen 
together tightly. 

The second procedure is to test for leakage pri 
to use, during use, and after use, if anything in 
portant is involved. This assumes that if th 
analysis is done at all there was some good reas 
for it. This procedure has so much to recom 
mend it to those who want correct answers ths 
it in turn is strongly recommended for inclusion \y 
L. M. 2.1.1.7. The question, then, is what test o/ 
tests can be employed? 

If the apparatus is assembled without reagent 
pressure can be applied to unbalance the mercu| 
seal between the KOH-filled absorber and the ou 
let of the maleic-filled absorber. A return of th 
mercury up the capillary tube then indicates leas 
age. But to apply this test, the apparatus mu! 
be dry and free of reagent. The test is —— 
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use during a series of analyses. 

With the maleic reagent in the absorber no 
ak test based upon a change in pressure seems 
sible, since notable interference may be ex- 
«ted from absorption or desorption. A bypass 
ross the maleic absorber would permit testing of 
ye glass-to-metal spherical joints, which are the 
ost apt to give trouble. Certainly a suitable 
ak test should be devised for use during actual 
peration, or for use between analyses with all 
‘agents in place. And this test should be made 
‘ith the apparatus under operating pressure, not 
nder redueed pressure. 


| costly in time and effort and is hardly the thing 
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5. Mercury Hazard 


The Koppers-Hinckley-Podbielniak apparatus 
presents a potential mercury hazard. The air 
bout the apparatus was examined with Woodson’s 
ptical mereury vapor detector (a General Electric 
istrument). Normal operation will usually de- 
bosit enough mercury on the various heated sur- 
aces of the Koppers-Hinckley-Podbielniak unit to 
urnish concentrations of mercury vapor in air 
round the apparatus greater than 250 yg/m*. 
‘he allowable limit, according to the National 
nstitute of Health, is 100 yg/m*. Notable 
mounts of mereury have been found excreted in 
he urine of several workers exposed to 20 yg/m’. 
Vhen the heated surface of the Koppers-Hinck- 
ey-Podbielniak apparatus were cleaned and 
nercury kept from them, the concentration 
pventually dropped to about 50 yg/m*. However, 
surfaces do not represent average 
The apparatus cannot be 
bperated without occasionally depositing some 
nercury on the hot spots. 


VIII. Notes on Sampling 


he cleaned 
aboratory conditions. 


It has long been known that special procedures 
bre required to capture a true sample of the con- 
ined liquid phase of a two (or more) component 
ystem boiling below atmospheric temperature at 
‘Xisting atmospheric pressure (and not azeotropic). 
‘he procedures may be outlined: 

The liquid phase is made homogeneous. 
A sufficient portion of the liquid phase is 
solated from the bulk of the mixture, without a 
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change of composition of the mixture and hence 
without boiling. 

3. This isolated portion of the liquid phase is 
completely evaporated into a suitable container, 
again without change of composition. 

4. The resulting vapor is made homogeneous. 

It is of course perfectly obvious that the com- 
position of the vapor above the liquid does not 
represent the composition of the liquid, and that 
it is constantly changing over the course of the 
evaporation of the liquid. It has also been found 
that significant changes of composition occur 
when the liquid itself is removed through a tube 
that remains open to the bulk of the liquid during 
the process of sampling. Thus the composition 
of a sample of liquid removed by withdrawing 
into a capillary tube depends upon the rate of 
sampling, the bore of the tube, and even the 
material of the tube, as well as the ordinary 
conditions of temperature, pressure, and com- 
position of the liquid. 

If sampling occurs from a closed system in which 
the liquid is under pressure, notable separation is 
sometimes achieved. Such separation is astonish- 
ingly large for systems such as nitrogen-methane, 
which occurs in helium stills, and the behavior of 
this mixture has served to magnify the effect to 
be expected in the butadiene mixtures. With- 
drawal “from the liquid phase” of an inverted 
cylinder is always accomplished at the cost of 
some degree of separation at the valve. Whether 
or not this is significant must be determined before 
any reliance can be placed in any analytical data 
from any source. From such observations as 
have been made in connection with this study, it 
would seem reasonable not to worry too much 
about separation of the specification grades. 
Undoubtedly it occurs, but as a matter of arcith- 
metic it does not matter. However, the worry is 
apparent when the “purity” of the sample has 
been dropped to 85 percent, as was the case with 
sample P- 6. 

Until the sample containers themselves are 
equipped with a suitable device for isolating a 
true sample of the liquid, much time will be lost 
in a fruitless comparison of analytical results 
from various laboratories. 


Wasuineton, July 25, 1947. 
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easurements of Heat of Vaporization and Heat Capac- 
ity of a Number of Hydrocarbons 


By Nathan S. Osborne* and Defoe C. Ginnings 


Using a new calorimeter, accurate measurements have been made of the heat capacities 


of twelve hydrocarbons in the range 5° to 45° C, and of the heats of vaporization of fifty-nine 


hydrocarbons at 25° C. 


These hydrocarbons, having from 5 to 10 carbon atoms per molecule, 


inelude 35 paraffins, 3 alkyleyclopentanes, 10 alkyleyclohexanes, and 11 alkylbenzenes. 


A Calorimeter for Measuring Heat of 
Vaporization and Heat Capacity 


1. Introduction 


The design of a calorimeter is a very important 
actor in obtaining reliable results. In designing 
1¢ present calorimeter, there were three principal 
msiderations. First, the calorimeter shell should 
» made small because some of the hydrocarbons 
ere available in relatively small amounts. 
cond, the measurements (especially vaporiza- 
on) should be accurate to at least 0.1 percent. 
hird, the apparatus should permit relatively 
apid measurements so that a large number of 
aterials could be investigated. Making the 
alorimeter small has certain other advantages 
sides allowing the use of small samples of 
ydrocarbons. In a small calorimeter, it is 
ssible to dispense with mechanical stirring and 
) distribute heat by a system of copper vanes. 
hese vanes minimized the time required for 
ermal equilibrium and contributed both to 
ecuracy and ease of operation. Another ad- 
antage of a small calorimeter is that it is possible 
) use metal shields to obtain isothermal surfaces 
the control and evaluation of heat leak. This 
ontributes to the accuracy of the results as heat 
ak is usually an important source of error. 


. General Description of Method and Apparatus 
The principles of the method that was used with 


his apparatus have been described in previous 


se 
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publications [1].! The method was applied pre- 
viously [2, 3, 4] to measurements on saturated 
water and steam from 0° to 374° C. 

The apparatus consists essentially of a calo- 
rimeter in which a sample of the fluid may be so 
isolated that its amount, state, and energy may 
be accounted for. The sample or a definite part 
thereof may be made to pass through a rise of 
temperature or may be evaporated and withdrawn 
at a constant temperature while the accompany- 
ing gain or loss of energy is determined. 

The sample, part liquid and part vapor, is 
enclosed in a metal calorimeter shell. An electric 
heater on this shell provides a means of adding 
measured energy to the shell and contents. An 
outlet tube with valve provides for filling the 
calorimeter or withdrawing vapor. Detachable 
receivers, suitable for weighing are connected 
to the outlet tube to hold the samples of fluid 
transferred, 

For confining the energy, the calorimeter is 
well insulated from external sources of heat, 
whereas in operation the temperature of an 
enveloping shell is kept close to that of the calo- 
rimeter shell. By observing the temperature dif- 
ferences periodically, the small amount of heat 
that leaks to or from the calorimeter can be 
accounted for. 

In the vaporization measurements, the process 
is virtually isothermal. Heat is supplied to 
evaporate a sample of liquid that is withdrawn 
from the calorimeter at a controlled rate, col- 


! Figures in brackets indicate the literature references at the end of this 
paper. 
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lected by condensation, and weighed. It was 
shown by Osborne [1] that the heat put in per 
unit mass withdrawn is a characteristic quantity 
called gamma, y, which is usually about equal to 
the latent heat of vaporization, Z, for vaporiza- 
tion experiments performed below the normal 
boiling point. The difference between y and L 
lies in the physical process. In a vaporization 
experiment in a calorimeter where the liquid is in 
equilibrium with its vapor, heat is supplied not 
only to vaporize the material withdrawn from the 
calorimeter, but also to vaporize material to fill 
up the space previously occupied by the material 
withdrawn from the calorimeter. This means 
that the quantity y is always larger than L by 
this correction term, which is called beta, 8. 

That is, 

L=7—B8. 


The quantity 8 has been shown to be 
B= Lv/(v’—v) =Tr dp/dT, 


where ¢ and v’ are specific volumes of saturated 
liquid and vapor, respectively, 7 absolute tem- 
perature, and dp/dT the vapor pressure deriva- 
tive. In the present determinations 8 is so small 
that approximate evaluation is adequate for 
derivation of values of L. 

In the heat capacity experiments, the calo- 
rimeter with a sample of fluid is heated over a 
measured temperature range. By making some 
experiments with different amounts of fluid, it is 
possible to account for the tare heat capacity of 
the calorimeter, and to obtain the change of a 
quantity denoted by alpha, a, which is a charac- 
teristic property of the fluid. The theory shows 
that the change in a differs from the change in 
enthalpy, 7/7, of saturated liquid by the change in 
8, mentioned above. In algebraic form, 


AH/AT = Aa/AT+ AB/AT. 
3. Apparatus 


The essential features of the calorimeter may be 
explained by reference to figure 1. The metal 
calorimeter shell, ©, provided with an electric 
heater, 77, is supported within an insulating space 
and is surrounded by a thermal guard shell or 
envelope, £, for control of heat leak. Provision 
is made for transfer of a fluid sample between the 
fluid container, FC, and the calorimeter, (, by 
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Figure 1. Schematic drawing of apparatus. 


C, Calorimeter shell; E, envelope; FC, fluid container; //, calorin» 
heater; R, reference block; 7, resistance thermometer; TV’, throttle 


U, union; V, valve. 


distillation through the throttle valve, TV. 
calorimeter shell and envelope are enclosed with 
an outer shell with an outlet tube used for bo 
evacuation and electric leads. The space with 
this outer shell, and the calorimeter and its ew 
nections may be evacuated through connectio 
VAC. The copper reterence block, R, is in 
region of uniformly controlled temperature « 
provides a thermal connection between two pla! 
num resistance thermometers, 7, and the referew 
junctions of thermoelements used for measuri 
the temperatures of points on the calorimeter she 
and envelope. In use, the outer shell of this cal 
rimeter unit was immersed in a water bath { 
control of surrounding temperature. The cal 
rimeter and essential parts are shown in mor 


detail in figure 2. 


(a) Calorimeter Shell and Included Parts 


The calorimeter shell shown at C, figure 2 \\ 
double-walled unit. The inner shell serves as 
container for the fluid sample. The outer she 
attached to the periphery of the inner shell at! 
is a thermal shield that gives the calorimeter 4 
nearly isothermal surface regardless of ne 
ture gradients in the shell of the fluid containe 
This outer shell is made of copper 0.1 mm thie 
The inner shell is made of brass with a cylindne 
section 0.5 mm thick and with rounded aed 
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Figure 2. Scale drawing of calorimeter. 


\ttachment of calorimeter shell to its shield; C, calorimeter shell and 
: |, /), attachment of envelope to its shield; F, envelope and shield; F, G, 
kh hes of thermal attachment of thermoelements; //;, calorimeter heater; 


Hi lope heater; 1, reference block heater; 74, heater; Hs, throttle valve 
heat /\, Ja, ete., thermoelement measuring junctions; M, resistance ther- 
' r receptacles; N, envelope deck; P, lead-wire duct; 0, seal for elec- 


t wis; R, reference block 
i |, throttle valve seat 


S, gauze baffle; TM, throttle valve mechan 


lis shell is put together with soft solder, the end 
cops fitting into shallow recesses in the ends of the 
eynder that are spun down over the caps for 
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strength. The outer surface of the inner shell and 
both surfaces of the outer shell are gold-plated and 
polished to minimize heat transfer by radiation. 
Heat transfer between these shells by gaseous con- 
duction is essentially eliminated by evacuation. 

The calorimeter heater, //,, is a 100-ohm resistor 
of No. 34 constantan wire, insulated with fiber 
glass and wound over a strip of thin mica cemented 
to the brass shell by glyptal lacquer. On top of 
this winding is cemented another thin mica strip 
covered by a copper sheath, which is spun down 
on both sides of the winding and soldered to the 
brass shell. This sheath not only presses the 
heater element into good thermal contact with the 
brass shell but also conducts back to the brass 
shell the heat that it receives from the heater. 
Leads of 0.4-mm copper wire insulated with 
enamel and silk are brought out from the copper 
sheath between mica strips. 

In the interior of the calorimeter shell there 
was a cellular system of copper, for the purpose 
of promoting the rapid distribution of heat. This 
tends to avoid excessive thermal gradients and 
lag of temperature equalization. This heat dis- 
tributing system consists of vertical sheets of 
copper (0.1 mm thick) arranged as shown in the 
cross section figure 3. There are 30 sheets of tin- 
coated copper cut to shape and bent so that, when 
spaced and attached by tin solder to the inner 
surface of the brass cylinder, they form 60 radial 
plates, 30 of which extend to the central void of 
5-mm diameter, and 30 more that extend to a 
diameter of 25 mm. At the bottom these plates 
extend close to the bottom cap, whereas at the 
top they extend only to the level of the top joint, 
leaving a small open space under the top cap. 
With this system of plates, no part of the liquid 
sample in the calorimeter is more remote than 
about 3 mm from a conducting metal part. 

Directly on the level top of the copper plates is 
a baffle (S) of silver wire gauze, 100 mesh to the 
inch, in the form of a ring extending to the outer 
cylindrical wall and cut out at center to 24-mm 
diameter, and spaced to allow free flow of vapor 
upward in the center. Another baffle of conical 
shape rests with vertex at center and base against 
the top cap at a diameter of about 3cm. At this 
perimeter, four spaces are left for vapor flow in 
toward the outflow tube in center of top cap. The 
purpose of these two baffles is to intercept any 
drops of liquid that might be projected directly 


455 





iN 





dl 


Lo» 4. , 4 J 


1) ° 5 CM 


Figure 3. Calorimeter heat distributing system. 





into the vapor outflow tube by active boiling, 
should it occur. They also probably favor the 
tempering of the vapor to the temperature of the 
top part of the calorimeter. 


(b) Thermal-Protecting Enclosure 


The three obvious and familiar means for 
avoiding the gain or loss of unmeasured heat were 
provided by use of a protecting enclosure for the 
calorimeter. These three means are thermal in- 
sulation, thermal control of envelope, and tem- 
perature-survey provision. 

Thermal insulation was provided by evacuation 
of the space between calorimeter wall and en- 
velope wall, and by gold plating and polishing the 
wall surfaces to give low emissivity. Further- 
more, the unavoidable solid connections between 
the two elements such as electric lead wires were 
kept to tolerable proportions. 

Thermal control of the envelope was effected by 
an electric heater, //,, on the outer wall of the 
double-walled envelope, and by survey thermo- 
elements for observing the temperature differences. 
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The actual control was effected either ma wally 


by an observer of the thermoelement indication | 
or by the automatic means to be described late | 


The inner guard wall of the envelope was mai 


similar to the outer-shield wall of the calorimete f 


so that residual thermal gradients in the oppose 


heat-leak surfaces would be alike and compensay} 


each other. 

From the periphery of the envelope at D), , 
cylindrical extension with heater 7/7, and cap, \ 
provided for a thermally controlled space suitab) 
for the reference block, R, and also for the outfloy 
tube, and throttle valve, 7V. The calorimete 
shell (that part of the apparatus containing tly 
sample of hydrocarbon) is supported by the ou. 
flow tube, which is attached to the center of tly 
outer cap. This tube passes without contac 


through the envelope and through the cap, \} 


which is the upper boundary of the protecting 
enclosure. 


(c) Vapor Line and Throttle Valve 


The section of the outflow tube between the 
calorimeter and the seat of the throttle valve wa} 
of stainless steel (8 Ni—18 Cr), having an inside} 
diameter of 3.5 mm and a wall thickness of 0.25} 


mm. The top of this steel tube was left thicker 
and was machined in the form of a circular rin 


sharply beveled to about a 90-degree angle. This} 


beveled rim formed the seat of the throttle valve, 
which was closed or opened by the seating or 
withdrawal of the valve stem end. This con- 
sisted of a thin coating of tin on a flat silver disk 
normal to the axis of the valve stem. 

Motion of the valve stem through the tubular 
stem casing of copper-nickel was controlled by « 
specially designed mechanism. This mechanism 
is the identical one previously used in apparatus 
for measurements on water [4]. 

The essential difference between the previow 
valve assembly and the present one is the increase’ 
length of the valve stem. In the present design. 
intended to be useful at subatmospheric temper- 
tures and within an evacuated space, the lengt! 
was increased to about 30 cm by using a section 
of copper-nickel tube of 5.3 mm outside diameter 
and 0.3 mm wall thickness, as an extension. The 
ends of this tubular section were formed }) 


pressing into a triangular fluting or Y shape. For 


the purpose of exact centering of the stem on Its 
seat, the lower fluted section was lathe turned to 
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2 ually fia slip fit in the section of the tubular sleeve just 
T ations Mabove the valve seat. The end was recessed to 
d later [eceive the silver disk for the stem end. At the 
$ mad Mmgtop end a brass bushing was fitted to engage the 


vale thread of a stud extending through the 
jiaphragm. In order to utilize the inside of the 
ubular stem as flow space, the tube was per- 
orated at each end by three holes where the Y 
ection joined the circular part. 

A heating coil, shown at H; in figure 2, was 
vound directly on the casing of the throttle valve 
o permit control of the temperature of the valve 
nd outlet tube. The purpose of this control was 
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ag th gto avoid error due to condensation. 

1 Out: The outlet tube extends vertically up from the 

of th valve and out horizontally from the diaphragm 

ontac{ meell. From there it leads through a metal tube 

ip, VP to a glass stopcock, beyond which a metal union 

ecting} @provides for the attachment of one of several 
Pyrex-glass containers for holding a sample of 
fluid. A side tube permits evacuation of the 
vapor line. The glass containers of about 225 ml 

n thf @eapacity are provided with unions and stopcocks 


' 
cata so that they can be detached and weighed for 
inside} @ determining the amounts of samples. 


f 0.25 


ricker (d) Thermometric Installation and Other Wiring 
P rim 

This Platinum resistance thermometers supplemented 
valve | @ by thermoelements were used in the control and 
ig orf measurement of temperatures. Two resistance 


con-| @ thermometers placed at M in the copper reference 

- disk] @ block determined a reference datum on the Inter- 
national Temperature Scale, from which small 

bulart| m temperature differences to the calorimeter shell or 
by a] Mother points were measured by means of thermo- 
nism} elements. Thermoelements were also used differ- 
ratus} @pentially for the survey of temperature distribution 
and for the regulation of the calorimetric processes. 


vious The advantages of this combination of resist- 
ased| @pance thermometers and thermoelements in calori- 
sign, | @Metry have been recognized and used in this 
eri-} Mp laboratory for a quarter of a century. The 
ngth| @reliability of the modern platinum-resistance 
tion} @thermometer to reproduce the International 
eter | MP Temperature Scale justifies its use to establish 





The the reference datum of temperature. On _ the 
by / other hand, thermoelements are quite sufficient for 
For @sepplementing resistance thermometers in the 
‘surement of small temperature differences, 
‘use uncertainties of calibration and inhomoge- 


1 Its me 
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neities of wire introduce negligible errors in 
temperature determination. Furthermore, ther- 
moelements have the advantages of lower heat 
capacity, better responsiveness, greater adapta- 
bility to limited space and to difficulty accessible 
points, and the possibility of multiple combinations 
to give integration of temperatures, more sensi- 
tivity, and measurement of temperature differences. 

The use of a well-conducting, suitably shaped 
mass of metal as a reference block is a method of 
utilizing these virtues. The purpose of the 
reference block, besides furnishing a close thermal 
connection between the standard thermometer 
and the temperature measuring thermoelements, 
is also to bring all the reference junctions to a 
common temperature so that they may be used 
differentially. The increased precision and re- 
liability gained by the use of a reference block 
outweighs the disadvantage of greater complexity 
of construction and of increased accessory 
equipment. 

The reference block, R, was located in the space 
just above the calorimeter and envelope, where it 
was convenient for wiring. Here it was isolated 
from outer temperature differences so that its 
temperature was subject to precise control. This 
block was of copper in the form of a horizontal 
ring of rectangular section, to which were soldered 
two heavy-walled copper tubes, M, fitting in 
grooves cut in the lower face of the ring. These 
tubes served as resistance thermometer receptacles 
and were reamed to a free fit for the cylindrical 
platinum cases of the two resistance thermometers. 
A shallow groove was cut in the middle of the 
outer cylindrical face of the ring to receive a heat- 
ing coil, H;, for temperature control. The outer 
cylindrical face of the ring was used for attaching 
reference junctions of the thermoelements and 
also attachments for the leads to thermoelements 
and resistance thermometers. These attachments, 
besides fixing the wires in position, were for inter- 
cepting heat conducted along the leads and will be 
referred to as “tie-downs”. 

The two platinum-resistance thermometers, one 
of which was used as a working standard, and the 
other for a calibration check, were of the four-lead 
potential-therminal type described by C. H. 
Meyers [5]. The windings were of pure platinum 
wound on mica cross. The wire was 0.1 mm ip 
diameter and was first wound into a helix of about 
0.5 mm diameter before being wound in the 
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notched mica cross. The thermometers were 
encased in tubes of platinum of 6.35 mm outside 
diameter and about 0.2 mm thickness, which fitted 
closely into the receptacles in the reference block. 
The cases were lined with mica 0.01 mm thick to 
guard against possible electrical contact with the 
platinum wire. 

The four lead wires were brought through holes 
in the shallow reentrant platinum cap, from which 
they were insulated by small beads of fused glass. 
The caps, which fitted closely into the casing, were 
welded to it in such a manner as to leave the outer 
surface clear for insertion into the receptacle, with 
only the leads projecting out. The opposite end of 
the thermometer case was spun down to a diameter 
of about 2.5 mm where a short section of glass 
tubing was fused on so that it could be filled with 
helium and sealed. The thermometers were an- 
nealed in air at about 475° C for about 8 hr. 

The calibration was made in terms of the Inter- 
national Temperature Seale by using the fixed 
points of ice and steam and an intercomparison at 
50° C with a primary standard resistance ther- 
mometer. The thermometers fulfilled the require- 
ments of the International Seale and were selected 
from a group of four for their consistency. Each 
had a resistance of about 40 ohms at the ice point. 

The 16 thermoelements were all wired with leads 
to the outside so that each thermoelement could be 
used either separately or in desirable combination. 
The positions of the measuring junctions are indi- 
cated in figure 2. The reference junctions of the 
thermoelements J, to J;,, inclusive, are located on 
the reference block (R in fig. 2). The thermo- 
elements Jp—Jy and J\-—Jy are differential ther- 
moeclements with junctions only where indicated. 
The thermoelement J,, has its reference junction 
at J), as noted later. 

The group .J, to J; in series was used to measure 
the average temperature of the calorimeter shell 
relative to the reference block when the calorim- 
eter was in equilibrium at the beginning or end 
of an experiment. Simultaneous readings of the 
resistance thermometer in the reference block 
completed the temperature observation. 

The thermoelements J,, J;, and J. were located 
on the vapor tube along which occurs all the heat 
leak by conduction to and from the calorimeter 
shell (all the electric leads were tied thermally to 
this vapor tube). The combination J; against .J/; 
was used to measure this heat leak, and another 


458 































duplicate combination J; against Js was used {y 
automatic regulation of this heat flow. 

The thermoelements J, and Ji) were located » 
the outer calorimeter shell and the inner envelop 
shell, respectively, and are used differentially , 
measure heat leak by radiation between these ty 
surfaces. Heat leak by gaseous conduction ay 
convection was eliminated by evacuation. 
duplicate thermoelement combination, Jy agains 
Jy was used to automatically regulate this radiay 
heat leak. These thermoelements were careful) 
located so that they indicated closely the avery 
temperatures of their respective shells under 4 
conditions. Temperature gradients in the shel 
had a negligible effect on any heat leak accounting 

The thermoelements J};, Ji, and Ji, wer 
located on the upper part of the envelope she! 
and were observed in order to properly distribuy 
the heat among the heaters on the envelope shel! 
The thermoelement J,, was located in therm 
contact with the outer copper container and ww 
different from the other thermoelements in thw 
it had its reference junction at the temperature « 
J\; for reading the temperature difference be 
tween J,, and J,;. It was used in the regulatio 
of the temperature of the bath surrounding tly 
outer case. 

The thermoelements used in this apparaty 
were made of No. 32 (0.20-mm) Chromel P wir) @ptegr: 
containing about 90 percent of Ni and 10 perceni] Bjso h: 
of Cr, and No. 34 (0.16-mm) constantan wir Fou 
containing about 60 percent of Cu and 40 percen 
of Ni. These wires, which gave about 60 pv pe 
degree C for single elements, were insulated wit! 
silk and covered with Glyptal lacquer. The 
junctions of these elements were made in thie 
different ways, depending on the way the therm 
contact had to be made to acquire the temper: 
ture of the surface where they were placed. 

The usual type of thermoelement junction we 
made on a small sheet of copper, either shaped « 
a circular washer with a radial tag, or as a rec 
tangular terminal. The two wires to be joine 
were soldered close together to the terminal 
the manner described in a previous report 
The rectangular type terminals were used [ 
measuring junctions on the calorimeter and | 
envelope, and were attached thermally by inser 
ing them between mica insulation and cementilt 
with lacquer under small copper clips soldered ¢ 
the surface. The washer-type terminals wer 
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ttached by clamping with screw studs and nuts 
tween thin mica washers, either to the reference 
lock or to the two tempering rings (yet to be 
escribed) that were installed for intercepting 
eat conducted from outside down the leads. 

A third type of junction and attachment was 
sed for junctions J;, Js, Js, Jz, Jy and Js. In 
\is type, the ends of the two wires were soldered 
wether, and the wires reinsulated with silk, and 
ound and laequered to the tube for several turns 
way from the junction to insure adequate thermal 
mitact. 

The thermometer leads were tied thermally to 
he reference block with the washer type of 
vminals anchoring the thermometer leads to 
he reference block and also at three additional 
ones, including the tempering rings. 

Four horizontal zones of thermal attachment of 
hermoelements, thermometer leads and heater 
ads are designated in figure 2 as F, G, K, and L. 

Zones F and G were located on the reference 
block, and had 30 screw studs for thermal ‘“‘tie- 
lown” on each zone. Zone K was located on the 
opper tempering ring that was thermally integral 
ith the upper cap of the envelope extension. 
This ring had a heater, //,, for temperature con- 
rol, and bore 40 thermal tie-downs. Zone L 
was another tempering ring that was thermally 
ntegral with the top cap of the outer shell. This 
also had 40 thermal tie-downs. 

Four mica struts formed the supporting attach- 
ent between ring K and ring L, and these struts 
arried the entire envelope structure rigidly, with 
vegligible heat transfer. 

The reference block was carried between eight 
opper-nickel legs, four above and four below. 
‘hese legs were 0.8 mm thick and 3.4 mm wide, 
and formed a near-rigid support for the envelope 
hell The envelope extension above D 
ould be lowered for access to the wiring space 
the reference block. The wires leading 
rom the reference block, zone G, to the tempering 
zone K, passed through slots in the outer 
im of the cap. 

Leading from the tie-downs on the tempering 
ing, zone AK, the wires passed through the gap 
wiween the two rings A and L, and thence out 
hrough the lead-wire duct, P. Within this duct 
ie wires, including thermoelements, thermom- 

r, and heater leads were grouped into com- 
t bundles with heater leads separate from the 


below. 
about 


ing, 
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others to lessen danger of electric leakage. At 
the top of this duct the wires passed out through 
small holes in a lucite cap, Q, that was sealed with 
a resin lacquer, so the entire interior space could 
be evacuated through the side tube from the lead 
duct. 

The system of several zones of tie-downs for 
the various electrical lead wires was designed to 
intercept heat leak along these wires to protect 
the thermometric elements from extraneous lead 
conduction effects. The small thermal conduction 
along the electrical leads from the calorimeter 
shell was accounted for by tieing them thermally 
to the vapor line between thermoelements J; and 
J,, and including their conduction with the metal 
tube conduction as measured by J; against J;. 

Outside the calorimeter the leads were brought 
over to the observing station where specially 
built all-copper selector switches provided for 
various combinations of thermoelements for the 
several functions mentioned above. By manipu- 
lation of these switches, the observer could quickly 
shift from one combination to another with delay 
only for galvanometer response. 

The emf’s of the thermoelements were measured 
on a Wenner potentiometer. The errors of both 
the potentiometer and the thermoelements were 
inconsequential for this purpose. 

The five thermoelements, J; to J;, used to 
measure the temperature of the calorimeter shell, 
were calibrated in place by comparison with the 
resistance thermometer in the reference block. 
This procedure was first to observe the thermom- 
eter and thermoelements, when the reference 
block temperature was very close to that of the 
calorimeter. The reference block was then heated 
for a few seconds, while the calorimeter tempera- 
ture remained virtually constant, and the observa- 
tions were repeated. The change in emf of the 
thermoelements was thus given in terms of the 
temperature scale. No evidence was found that 
the calibration factor of any of the other similar 
thermoelements differed from this one, but even 
had they differed, the manner of use avoided any 
significant error due to this cause as the heat 
leak factors were experimentally determined, and 
the thermoelement readings were calibrated di- 
rectly in terms of power. 

The resistances of the two platinum thermom- 
eters were measured with a Mueller bridge [6] 
and were calibrated previous to their installation 
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in the reference block. Intercomparisons of the 
two thermometers made at several times during 
the progress of the measurements showed that no 
significant relative change had occurred. Small 
changes in the thermometers would have caused 
only insignificant effects on the calorimetric 
results. 

Use of a commutator with normal (N) and 
reverse (FR) positions adapts the bridge for 
measuring the resistance thermometer. <A bridge 
current of 0.005 amp was used, half of which 
passed through the thermometer. A reversing 
snap switch for the bridge current served both to 
account for galvanometer zero drift and also to 
double the sensitivity. 


(e) Auxiliary Control Features 


One very important control feature has already 
been described, i. e. the vapor throttle valve. 
This is adjusted manually by the operator to 
open or shut the vapor line and to regulate the 
evaporation temperature. 

Other control devices are used in the various 
heating circuits some of which are manual, some 
automatic, and some partly each. One of the 
latter type is the main switch in the calorimeter 
heater circuit. This is a double-pole double- 
throw switch, which is thrown either way by a 
spring tensed by a hand lever. The switch is 
released for quick throw by a trigger pulled by 
the electric seconds signal from the standard 
clock. A key in the clock circuit allows the oper- 
ator to choose the particular second signal to 
start or stop the calorimeter heating current. 
The heating periods are normally integral numbers 
of minutes. 

The heating circuits for control of the tempera- 
tures of the envelope and envelope extension were 
divided into two entirely separate parts. One of 
these circuits served to supply the additional heat 
required during a heat capacity experiment. This 
heater circuit was arranged to distribute the heat 
according to the heat capacity of the envelope and 
envelope extension and was used only during a 
heat capacity experiment. No adjustment of the 
current in this heater circuit was necessary due to 
the use of the second heater circuit. The second 
heater circuit served to supply the heat lost to the 
surroundings from the envelope and envelope 
extension and was arranged to distribute heat to 
account for different heat transfer coefficients in 


460 





different regions. This second heater circuit wallhee of tl 
operated by an automatic control at all timeffyeter b 
By using these two heater circuits it was possibjfhrrection 
to avoid large gradients on the envelope apfilieved | 


envelope extension during a heat capacity experi the res 
ment, and still utilize automatic control. on take 

The automatic control was actuated by the enfiym diffe 
of thermoelements Jig —Jy, previously indicate ly 0.00 
This emf in a simple potentiometer circujiff (J) the 


actuated a galvanometer, photoelectric cell an 
amplifier, which continuously regulated the hea: 


ents we! 

















ing current to control the temperature differen 4. Ge 
The temperature gradient along the vapor tul The ¢ 
was automatically regulated to a desired valy omanins 
by a similar circuit actuated by the emf of thermo, . “d * 
elements J;—J,s. Each heater is connected di a 0 
rectly in the plate circuit of two type-25L6 electro oa ac 


tubes in parallel, which were in turn driven }y 
type-38 electron tubes that were controlled by th 
photoelectric cell-galvanometer combination. T) 
advantage of this system was that the control » 
the current in the heaters was continuous instes 
of on-and-off. The automatic controls regulate 
the temperature of the envelope and throttle a 
any desired temperature difference from tly 
calorimeter even when changes occurred in tly 
temperature of the calorimeter, such as durin 
heat capacity experiments. 

The heating coil on the reference block and tly 
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; xperime 
one used in the water bath are both manually to aff 
co “il. i 
ontrolled xperime 

(f) Measurement of Mass and Electric Energy iydrocar 
f the a 


A sensitive balance of a capacity of 2 kg witli 
closed cabinet below in which containers, dum- 


vas four 
yon, free 





mies, and counterpoises were suspended, was used le a 
for weighing the samples. Calibrated platinum- mpty t 
plated brass weights were used. a 


A Wolff-Diesselhorst potentiometer was used for 
measurements of current and potential drop in the 
calorimeter heater. These data with time inter ll. H 
vals furnished by a Rieffler standard clock ¢e- 
termined the electric energy. A 0.1-ohm four 
terminal resistor in series with the heater was useé 


for the current measurement and a 1,000 to 1 ratio Meas 
volt box was used for the potential drop. The fiydroca 
potential drop was measured by two leads tha! fBheats of 


join the current leads at the zone K (fig. 2). The fin turn, 
heat developed in the current leads between the fjand equi 
calorimeter shell and the potential leads was 
accounted for by calculation, knowing the resis-Mhydrova 


‘Yombus 


Journal of Research JHeats o 











it wallhee of the leads and assuming an arbitrary calo- 
\imeffneter boundary near thermoelement J,. This 
sib rrection was estimated as 0.027 percent and was 


» anfblieved to introduce no significant uncertainty 
xperm the results. If the calorimeter boundary had 
on taken at J; or J;, instead of at J,, the maxi- 
e enfum difference in the correction would have been 
“ated@ly 0.006 percent. 


revi All the important electrical-measuring instru- 
| an@ents were carefully calibrated. 

heat . 

‘eno, 4. General Evaluation of the Calorimeter 


tul The 
valu 
Tm 


“dl d 


calorimeter was designed mainly for 
beasuring heats of vaporization of small amounts 
f hydrocarbons, and incidentally for measuring 
juid heat capacities. It was found possible to 


Cf ke accurate measurements of the heat of 
n by aporization with only a few grams of material. 
Y the other words, the vaporization experiments 
Th uld proceed until the calorimeter was practically 
ol 0 ry. This was made possible by the effective heat 
am istributing system in the calorimeter and the 
at othermal shields on the calorimeter and envelope 
le hat made heat leak evaluation essentially inde- 
tie ndent of any temperature gradients on the 
° alorimeter shell or on the envelope. The elec- 
Tl onic automatic controls on the envelope and 
hrottle temperatures, effective in all types of 
the xperiments, were a great help in the manipula- 
‘all Bion of the apparatus. The fact that vaporization 
xperiments were made with a large number of 
ivdrocarbons is evidence of the ease of operation 
ff the apparatus. After a little experience, it 
om vas found possible to dry a sample of hydrocar- 
4 


on, free it from air, distill it into the calorimeter, 

ised . ° ° 

wpuake several vaporization experiments, and 

ulm- . : : 
mpty the calorimeter, all in a normal working 


for lay. 

= Il. Heat of Vaporization of 59 Hydro- 
de- carbons 

sa? 1. Introduction 

‘0M Measurements of heats of combustion of 


fheMivdrocarbons are used in the determination of 
hat Mheats of formation of the hydrocarbons which, 
hein turn, are used to calculate heats of reaction 
the Mand equilibrium constants involving hydrocarbons. 
vis @Combustion experiments usually start with the 
st-Bhvdrocarbon in the liquid state so that knowledge 
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of the heat of vaporization is necessary to obtain 
heats of formation. The calorimetric apparatus 
described in section I was constructed for the 
purpose of accurately measuring heats of vapori- 
zation of a number of samples of pure hydro- 
carbons that had become available. 


2. Method 


In the vaporization experiments, the measured 
heat was supplied electrically to evaporate liquid, 
while vapor was withdrawn at a rate that was con- 
trolled manually to keep a constant temperature 
of evaporation. According to the theory of fluid 
calorimetry [1], the energy added per unit mass 
removed as vapor, designated as gamma, y, 
exceeds the latent heat of vaporization, ZL, by the 
quantity beta, 8. 

L=y—8, 


B= Lv/(v’ —v) = Te dp/dT 


where 


where T is absolute temperature, p is the vapor 
pressure, and v and v’ are the specific volumes of 
liquid and vapor, respectively. 


3. Preparation of Samples 


All of the hydrocarbons used in the present 
investigation were obtained in 1941 and 1942 from 
the NBS Section on Thermochemistry and Hydro- 
carbons through Frederick D. Rossini. The 
various samples are identified as follows: n-Pen- 
tane, n-hexane, 2-methylpentane, 3-methylpen- 
tane, 2,2-dimethylbutane, n-heptane, 2,2-dimethyl- 
pentane, 3,3-dimethylpentane, 2,2-dimethylhex- 
ane, 2,3-dimethylhexane, 3,3-dimethylhexane, 2- 
methyl-3-ethylpentane, 3-methyl-3-ethylpentane, 
2,2,3-trimethylpentane, 2,2,4-trimethylpentane, 
2,3,3-trimethylpentane, n-nonane, n-decane, meth- 
yicyclopentane, methyleyclohexane, n-propyley- 
clohexane, cis-1,2-dimethylcyclohexane, trans-1,2- 
dimethyleyclohexane, — cis-1,3-dimethyleyclohex- 
ane, trans-1,3-dimethylcyclohexane, cis-1,4-dimeth- 
vileyclohexane, trans-1,4-dimethyleyclohexane, 
benzene, toluene, ethylbenzene (first sample), 
m-xylene, n-propylbenzene, and isopropylbenzene, 
were samples from the same lots the purification 
and properties of which were later reported by 
Forziati, Glasgow, Willingham, and Rossini {7}. 

n-Octane, 2-methylheptane, 3-methylheptane, 
4-methylheptane, 3-ethylhexane, 2,4-dimethylhex- 
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ane, 2,5-dimethylhexane, 3,4-dimethylhexane, 2,3, 
4-trimethylpentane, n-propyleyclopentane isopro- 
pyleyclopentane, cyclohexane, ethyleyclohexane, 
o-xylene, and p-xylene were samples prepared 
by C. E. Boord and collaborators on the American 
Petroleum Institute Hydrocarbon Research Proj- 
ect (now the American Petroleum Institute 
Research Project 45) at the Ohio State University. 

2,3-Dimethylpentane (both samples), 2,4- 
dimethylpentane, 3-ethylpentane, 2,2,5-trimethyl- 
hexane, and 2,3,5-trimethylhexane were samples 
from the same lots, the purification and properties 
of which were later reported by Howard, Mears, 
Fookson, Pomerantz, and Brooks [8]. 

2,3-Dimethylbutane was from the material 
prepared by Cramer and Mulligan [9]. The 
second lot of ethylbenzene was from J. Timmer- 
mans [10]. 1,2,3-Trimethylbenzene, 1,2,4-tri- 
methylbenzene, and 1,3,5-trimethylbenzene were 
samples from the materials whose properties 
were described by Mair and Schicktanz [11]. 

2,2,3-Trimethylbutane and hexamethyl- 
ethane were samples purified by the American 
Petroleum Institute Research Project 6 at the 
National Bureau of Standards from material 
supplied by George Calingaert, Ethyl Corpora- 
tion, Detroit, Michigan [12]. 

In connection with the amounts of impurity 
(not including water) in the samples, and the 
effect of such impurities on the heat of vaporiza- 
tion, the following points may be noted: The 
manner of preparation and purification of the 


compounds was such as to leave as impurity 
only those substances having boiling points and 
other properties near those of the given substance. 
The amount of such impurity was less than 0.01 
mole fraction for many of the compounds, be- 
tween 0.01 and 0.03 mole fraction for some, and 


near 0.04 mole fraction for several. It is highly 
improbable, however, that any of the values of 
the heat of vaporization will be in error by more 
than 1 in 1,000 because of the small differences 
in the values of the heat of vaporization for those 
close-boiling isomers that might be expected to 
be present in one another as impurities. For 
most of the compounds, it appears that the error 
from these impurities will not exceed 1 in 2,000 
and for some the error from this source will not 
exceed 1 in 10,000. 

It was necessary to remove both air and a trace 
of water from the hydrocarbons before making 
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calorimetric measurements on them. The , 
was effectively removed by distillation into 
cold trap from which the air was continual 
removed by pumping. The trap was iminer 
in a solid carbon dioxide-ethanol bath so thy 
there was negligible loss of the sample. A seco 
distillation from the trap to the detachable eq 
tainer indicated that essentially all of the 
had been removed. 

The water was usually removed from the hydn 
carbons by running the liquid hydrocarby 
slowly through a tube packed with silica gel, « 
into the evacuated container from which the fir 
distillation was made. Tetraethylene citrate y 
used as a stopcock lubricant because it was y 
affected by the hydrocarbon. 

As traces of water were visible as ice in th 
cold hydrocarbon even after this drying pn 
cedure, it was necessary to measure the effectiy 
ness of the drying. The sample of toluene samp) 
was prepared in the usual manner and used 
the calorimeter in the vaporization experimen 
Upon completion of these experiments, the tolues 
was distilled to a bulb where the water contu 
was measured by a method similar to that uss 
by Aldrich [13] at this Bureau in the determin 
tion of water in gasolines. A liquid alloy 
sodium-potassium was added to the hydrocarhe 
and agitated until all of the water had reacte 
The pressure of the hydrogen evolved was mei 
ured after the hydrocarbon had been frozen wi 
liquid air. From this pressure, and the volun 
and temperature of the system, the water conte 
was calculated to be less than one part in 25,\W! 
in the sample. This would affect the measur 
heat of vaporization of the toluene by less thw 
1 part in 5,000. It is believed that the error 


to water present was never more thao this amour) 


in any of the hydrocarbons, and was_ usual 
much less, 

Other experiments were performed to obta 
additional evidence on the adequacy of the di 
ing. In addition to the drying with silica ¢ 
some experiments were made in which the wat 
was removed by cooling the sample to solid ci 
bon dioxide temperatures and filtering out 
traces of ice with fiber glass. Other experimen’ 
were made in which the samples were dried wil! 
P,O;. All of these experiments indicated th 
the drying of the hydrocarbons with silica £{ 
was sufficiently effective. 
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4. Experimental Procedure 


Accounting for Mass, Energy, and Change in State of 
the Sample 


‘he mass of fluid withdrawn as vapor enters as 
lirect factor in the reduction of the data, and 
refore the results can be no more reliable than 
determinations of these masses. Special care 
s taken therefore to avoid both systematic or 
dental error in the weighings. For each 
ing, an account was kept of the amount in the 
orimeter at any time and a final mass check 
de by completely exhausting and weighing 
» residual after a series of experiments. 

‘he amount of fluid evaporated and collected 
condensation was seldom less than 10 g in a 
gle experiment, although occasionally when the 
yply was limited, smaller portions were taken. 
In order that the weighings be made with 
table precision, the glass containers holding the 
lensed samples were given a routine treatment 
preliminary conditioning. The container, hold- 
a sample that had been collected by conden- 
ion in a cold bath of dry ice and alcohol, was 
rmed to the temperature of the room. The 
jtainer was then wiped dry with a towel, dried 
ther in front of a fan, and then hung in the 
lance case for at least 30 minutes to assume a 
~udy temperature. Weighings were then made 
substitution, estimating to 0.1 mg by reading 
A dummy glass container was kept in the 
lance case and was weighed either just before 
after the sample, to eliminate errors of weighing 
e to accidental changes in the balance or the 
The weights were corrected for 


ings. 


unterpoise. 
ovancy in air. 
Measured energy was supplied electrically to 
¢ calorimeter and its contents by means of the 
ating coil installed on the sample container 
Power was supplied by 
‘eparate storage battery of large current capac- 
Potentiometer readings were made_periodi- 
lly for obtaining the energy added electrically, 
described later. 
In order to avoid a large initial change when the 
rrent to the calorimeter heater 


described in section I, 


was switched 


start of an experiment, a substitute resistor, 
‘o the calorimeter heater resistance, was 
» adjust and steady the battery output. 
experiments, the current in the substi- 
is adjusted to the value selected to give 
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the desired evaporation rate in the next experi- 
ment. 

The means provided for the control and evalu- 
ation of heat leak have been described in section I. 
In operation, there were usually small deviations 
from the ideal control that would have annulled 
heat leak. The small corrections for this remain- 
ing heat leak were evaluated with the aid of the 
differential thermoelements. The indicated differ- 
ences were observed every minute and added 
algebraically to give sums in temperature-time 
units called “heat-leak factors.” These factors, 
when multiplied by “heat-leak coefficients,”’ gave 
the heat-leak corrections for the energy in the in- 
dividual experiments. The calorimeter was de- 
signed to make the coefficients small both by 
construction and by evacuation of the insulating 
space, and the manipulation of the envelope con- 
trol was such as to make the factors small. 

The heat-leak coefficients were determined ex- 
perimentally during the early part of the program 
and were checked later. This was done by sepa- 
rate blank experiments with no electrical heat- 
input to the calorimeter and with no vapor with- 
drawal. The temperature difference between the 
calorimeter and envelope was held at a large 
measured value for a chosen time, yielding an 
exaggerated heat-leak factor. The envelope heat- 
leak coefficient was calculated from the energy 
change of the calorimeter and its contents, where 
this energy change was computed from initial 
and final calorimeter temperatures and the heat 
capacity of the calorimeter. Similarly, the tube 
heat-leak coefficient was determined in an experi- 
ment with an exaggerated tube heat-leak factor. 

The correction for heat leak usually consisted 
of three parts, designated as “envelope,” ‘“‘tube,”’ 
and “residual” heat leaks. The envelope heat 
leak was usually small because of the adjustment 
of the automatic control. The tube heat leak 
was purposely allowed to be larger in order to 
permit the temperature of the throttle and upper 
part of the vapor tube to run high enough to avoid 
condensation in the outflow tube. During the 
actual withdrawal of vapor, the tube heat leak 
was shown to be negligible, as the vapor flow con- 
trolled the temperature of the tube where it 
joined the calorimeter shell. 

The residual heat leak was that which was not 
accounted for by the routine envelope and tube 
heat-leak determinations, because of possible devi- 
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ations of the heat-leak coefficients from the values 
measure. This residual heat leak was accounted 
for by making frequent blank experiments while 
the calorimeter was in equilibrium between 
evaporation experiments. In these, both envelope 
and tube heat leaks were kept normal and ac- 
counted for, leaving the deviation of the energy 
accounting to give a rate of leak per unit of time, 
which if of significant amount, could be applied 
to the preceding experiment as a supercorrection. 

The temperature of the calorimeter and con- 
tents, when in equilibrium, was measured by a 
resistance thermometer in conjunction with ther- 
moelements, as previously described. The tem- 
perature change of the calorimeter and contents 
was thus always accurately observed in all experi- 
ments. All temperatures were finally expressed 
on the International Temperature Scale. 

For determining either the initial or final 
temperature, each temperature observation con- 
sisted of simultaneous readings of the resistance 
thermometer and  thermoelements. The _ five 
thermoelements J,-J;, in series, indicated the 
mean temperature of the calorimeter with respect 
to the reference block. Four successive tempera- 
ture readings were made at half-minute intervals, 
from which the mean temperature was computed. 

The temperature at which evaporation pro- 
ceeded is of some importance, as the heat of 
vaporization varies with temperature. This was 
controlled by the operator to keep it as near as 
possible to the initial temperature. Thermo- 
element J; was taken as the guide for this control. 
Previous experience [4] together with surveys of 
the temperature distribution on the calorimeter 
shell during evaporation indicated that this point 
represented the best approximation to the tem- 
perature of the vapor as it left the calorimeter. 


(b) Description of Vaporization Experiments 


In preparation for a series of experiments on a 
sample, the calorimeter and vapor line were cleared 
of air by evacuation. The sample, prepared as 
previously described, was transferred from the 
glass container to the calorimeter by distillation. 
To do this, ice was packed around the calorimeter, 
and necessary heat was supplied to the container 
to evaporate the liquid. In this preliminary 
charging, the insulating space was filled with 
helium to increase the rate of heat flow from the 


464 













































calorimeter. For some of the samples o! hig 
boiling points, the available pressure differey 
was so small that it required a long time for} 
transfer. 

After the sample was transferred, the conta 
was reweighed and the calorimeter was heated 
the temperature of measurement, usually 25° 
keeping the valve and tube at a temperature aby 
that of the calorimeter to avoid condensatioy, 
the tube. Before starting the experiment, ; 
insulating space outside the calorimeter , 
evacuated to provide the insulation. A_ weig! 
glass container was attached and the line evacuy 
to the throttle valve. The container was ope 
to the line and the apparatus was then ready 
start the experiment. 

The initial equilibrium temperature of | 
calorimeter and contents was observed first. | 
the beginning of a chosen minute the current 
switched from the substitute 
calorimeter heater by the automatic time-trip) 
switch. The throttle valve was then opened 
the operator who was also observing the them 
elements. The valve was adjusted continuow 
so as to keep J; at zero. The reference block w 
kept at a constant temperature as shown by 
resistance thermometer. The upper part of | 
calorimeter, which followed closely the evapot 
tion temperature, was maintained at the init 
reference block temperature by regulating 
vapor flow through the valve to just balance ‘ 
energy added to the calorimeter. During i 
evaporation period the lower part of the calons 
eter in contact with the liquid became warmer: 
the amount of superheating necessary to condi 
the heat to the surface for evaporation. 

To evaluate the heat-leak factors, the dif” 
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ential thermoelements, Jj-Jio, and J;-J;, weggbhave 
observed at 1-minute intervals. The constancy Mature 
the reference-block temperature was frequent) @j¢s th 
checked to furnish a steady zero for thermg§the « 
element J;, used to guide the regulation of i) @mjsen 
evaporation temperature. Occasional surveys resul 


all thermoelements were made to indicate #) take 
irregularities in behavior. The current and » Mgres 
tential drop in the calorimeter heater we Hen 
observed on alternate minutes, starting one he @"° | 


: K alll 
minute after the power was switched on. batt 
At the end of the chosen number of minutes, & 3°’ "' 

current was switched back from the calorime#** 
Wat 


heater to the substitute resistor, making the ti” 
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actor of the energy an integral number of minutes 
s determined by the standard clock. The throttle 
alve was kept open long enough after the power 
as switched off to bring the calorimeter and 
yntents to final equilibrium temperature near the 
iitial temperature, usually within 0.01°C. After 
pause of 10 minutes for attaining equilibrium, the 
nal temperature was observed. Following that 
bservation, and while changing container and 
eighing a previous sample, a blank experiment 
as conducted to obtain the residual heat-leak 
wtor, previously described. 

On most of the samples, experiments were made 
t several rates of evaporation, usually between 
,and 1 g per minute. Smaller rates than \ ga 
ninute were also used when necessary either 
yecause of limitations on account of the fluid 
-haracteristics, or else because of the limited 
pmount of sample. The practice of using different 
ates of evaporation was a precaution to test for 
ome conceivable source of error. 

This practice has been followed for the past 30 
years as a check on the various preventive meas- 
ies for avoiding liquid mixed with the vapor in 
vaporation experiments. During the experiments 
m water, these measures had been so effective 
hat no case was ever found where this change of 
ate gave a positive test for wet steam, even over 
he range from the ice point to within 1 degree of 
he critical temperature. In spite of this experi- 
nee, the test has been continued as a routine 
afeguard against erroneous evaluation of the 
tate of the vapor. 

In the present case, if spray projected upward 
rom the evaporating surface had escaped capture 
”y the baffles and had been withdrawn with the 
vapor, the measured energy per unit mass would 
have been too small. Furthermore, if the temper- 
ature of the vapor indicated by the observation of 

; thermoelement had been in error, the effect of 
the error might depend on the rate of flow. Ab- 
sence of any evidence of the rate effect on the 
resulting value of the heat of vaporization, may be 
taken as contributing to the reliability of the 
results as far as the state of the fluid is concerned. 
Here again, it must be confessed the test showed 
no evidence of liquid mixed with the vapor. The 
batiles evidently have done their bit. Further 
evidence of reliability, as distinguished from con- 
sistcney, was furnished by the experiments on 
Water with this calorimeter. 


Heats of Vaporization of Hydrocarbons 


5. Results of Vaporization Experiments 


The results of the vaporization experiments are 
given in chronological order in table 1. The values 
of net energy, given in column 6, include not only 
the electrical energy input, but also the energies 
due to the various heat leaks (envelope, tube, and 
residual), the correction for the change in tem- 
perature of the calorimeter between the beginning 
and the end of the experiment, and the correction 
for any deviation of the evaporation temperature 
from the desired even temperature (usually 25° C). 
These components of the net energy are not listed 
separately, because the corrections are so small. 
In an average experiment, the arithmetical sum 
of all the heat leak corrections amounts only to 
about 1 joule, whereas the other corrections are 
even less. This is the result of careful control of 
the temperature of the calorimeter and its sur- 
roundings at all times during an experiment. 


TABLE 1. Results of vaporization experiments 


WATER 
T Evap- 
rem- ao “ 
Date | pera-| Mass Som B.A y Meany,,| 82s Lis 
ture rate ° 
g/min- ? = int. | 
°C g =| ute | int.j | int. jlg int. jig | tig | int. jig 
M-S-41..| 25.0 | 9.8792 | 0.49 | 24113. 5 | 2440. 83 | 
Do....| 25.0 | 9.8029) .49 | 241441 2440. 85 | 
M-10-41_| 25.0 | 20,2042 | . 51 | 49326.3 | 2441. 39 | 
Do....| 25.0 | 10.1150 |. 51 | 24689.6 | 2440.89 |/2441. 14 0.06 | 2441.08 
Do_...| 25.0 | 10.1164 | .51 | 24694.0 | 2441.32 | 
Do 25.0 | 10.1181 | .51 | 24699.3 | 2441.10 
11-12-41.) 25.0 | 9.8179 | .49 | 23974.6 | 2441.93 
n-HEPTANE 
11-21-41.| 25.0 | 9.7943 | 0.49 | 3573.83 | 364. 89 
Do 25.0) 9.8035 | .49 3575.86 | 364.7 
Do....| 25.0 | 9.8061 | .49 | 3577.23 | 364.80 | 
Do 25.0) 9.8114) .49 | 3578.55 | 364.73 ||.) : , 
364.81 0.13 | 364,68 
Do 25.0 14.7147 | .49 | 5367.19 | 364.75 
11-26-41_/ 25.0 | 9.8281 | .49 | 3586.31 364.90 
Do....| 25.0) 4.9249 | .25 | 1796.56 | 364.79 
Do 25.0 19.8554  .90 | 7244.12 | 364.84 
Do....| 15.0) 9.6531 | .48 | 3580.46 | 370.91 -™ 
Do 35.0 9.9843 | .50 | 3582.81 | 358.84 
2,2,4-TRIMETHYLPENTANE 
12-8-41__| 25.0 | 11.6222 | 0.58 | 3575.88 | 307.68 
Do 25.0 | 11.4883 | .57 | 3534.26 | 307.64 
307. 62 10. 307. 
Do....| 25.0 | 17.0507 | .57 | s2e4.24 | 307.57 | 307? (014 wees 
Do 25.0 | 13.5587 | .57 | 4170.72) 307.60 |} 
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1. Results of vaporization experiments—Continued 
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3504, 77 
4315. 26 
3596, 89 
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3474, 39 
34544. 33 
5332. 69 
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M05. 06 


Y 


int. j/a 
363. 17 
363.15 
363.13 
363. 17 
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TABLE 1. 


Tem- 
Date | pera- 
ture 
°C 
2-20-42 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
Do 25.0 


2-25-42 45.0 
2-42 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
3-13-42 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
3-20-42 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
3-23-42 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
3-24-42 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
3-242 25.0 
Do 25.0 
Do 25.0 
Do 25.0 
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325. 96 D 
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2435. 7 323. 20 
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|. Results of vaporization exrperiments— Continued TABLE 1. Results of vaporization experiments—Continued 





Olitir Al 
3-METHYL-3-ETHLYPENTANE trans-1,2-DIMETHYLCYCLOHEXANE 
Evap , Evap- 
rem- ora- Net Tem- ora- Net 
. : Dat pera Mass | tion energy Y Meany2s B25 Las Date —_ Mass tion | energy Y Meanyis, 82s Lis 
, ture rate we | rate 
g/min- int g/min- int 
. Cc g ute int. j int. jig  int.jlg | jlo | int. jig °C g ule int. j int. j/g  int.jlg | jig | int. jig 
p | int; oT 42 2.0) 9.9786 | 0.50 | 3319.54 | 332. 67 4-21-42 _| 25.0 10.3778 | 0.52 3547.68 341.85 
Do 25.0 | 15.9652 1.00 | 5309.69 | 332. 58 on » lnes -— Do 25.0 | 30.0500 1.00 1027468 341.82 7 341.84 0.07 341.77 
‘ D 25.0 7.9748 | 0.25 2652.30 332.58 | = : —_—" Do 25.0 10.0089 .50 3419.85 341.85 
: se 1k 25.0 | 11. 9768 50 | 3982.73 332.54 
trans-1,3-DIMETHY LCYCLOHEXANE * 
2,2-DIMETHY LHEXANE 
1-22-42 _| 25.0 | 9.7503 0.49 | 3409.64 349.37 
a 2 one 6 Do 25.0 10.0295 1.00 3508.73 349. 34 349.34 0.07 349. 27 
42 2.0 9.0189 O50 2045.01 326. 54 : ih exe. or 
: an a, Do 25.0 30.0002 1.00 (10479.26 349. 5! 
Do 25.0 9. 9168 Ww 3237.55 326. 48 poe 
7 ale 326.49 0.09 326. 40 
Ix 25.0 7.9673 25 «2601.09 326.47 | 
‘ 25.0 9. 0576 SO) ©2957. 02 326. 47 itil alain eee ee 
- ™ cis-1,3-DIMETHY LCY CLOHEXANE 
Mis 
3-ETHYLHEXANE 4-24-42. 25.0 | 10.0416 | 0.50 | 3421.84) 340.77 | 
Do 25.0 30.9169 1.08 10531. 87 340. 65 340.7%) 0.08 340. 62 
( | Do 25.0 | 10.0596 SO 3427.22 340. 69 


S-31-42 25.0 | 9.4628 | 0.47 | 3284.57 | 347.11 | 
Do 25.0 19.9138 95 6911.25 347. 06 | 347.07 0.06 347.01 


Do 25.0 7 240 (2615. 46 347.05 cis-1,4-DIMETHYLCYCLOHEXANE 








ya 
METHYLCYCLOHEXANE 4-27-42.. 25.0 Y.8297 0.49 3419.41 347.86 | 
| Do 25.0 20.4440 US  luzdi. an °q7 42 347.84 0.07 347.77 
y Do 25.0 9.8533 .49 3427.38 347.84 
4-7-42 25.0 9.1250 0.46 3287.94 360, 32 
Do 2.0 11.9260 1.00 4205. 67 360. 19 
Do 25.0 | 19.9230 | 1.00 | 7175.15 | 300.13 \{ 202-39 (0.13 | 300.06 2,3-DIMETHYLPENTANE (IMPURE 
Do 25.0 9. Wo62 SO 3599. 86 360. 12 
4-242. 25.0 11.7750 0.56 4027.50 342.01 } 
wee i a Do 25.0 10.0438 1.00 3436.17 342.12 ¢ 342.10 0.13 | (341.97) 
CYCLOHEXANE Do 25.0| 9.9292 | .50| 3907.56 | 342.18 || 
s ' 
iva 25.0 9.2557 0.46 3634.88 392.72 } 23-DIMETHY LPENTANE (PURE) 
Do 25.0 29. 6289 99 11634.91 392.60 / 392.72 0. 24 392. 48 
D 25.0 11. 9967 SO 4711.61 | 392.74 | 
4-20-42. 25.0 10.1601) 0.51 | 3472.74 341.80 
- eee a : Do 25.0 | 10.1885 1.02 3482.06 341.76 ¢ 341.77 0.18 341.04 
ETHYLCYCLOHEXANE Do 25.0 16.0369 0.50 | 3430.10 341.75 | 
i +1042 25.0 10.1008 | 0.50 | 3643.67 360.73 3,3-DIMETHYLPENTANE 
i ID 25.0 27.5431 93 360.65 } 360.68 0.05 360. 63 
1) 25.0 13.0929 50 360. 65 a 
4-20-42..| 25.0) 7.7358 | 0.52 | 2550.61 32872 |]. _ y 
~ ) 329.70 0.20 320.50 
Do 25.0 6. 1893 52 2040. 40 329.67 j 
i n-PROPYLCYCLOHEXANE 
2,2-DIMETHYLPENTANE 
‘ 12 25.0 37.8146 O.51 13504. 76 357.13 357.1: 2 357 
46 Ml 13504 57.1 $57.13 0.02 7.11 4-30-42. 25.0 10.5002 0.52 3400.38 9 323.84 | 393. 2 \0.27 aoe a 
I Do 25.0, 10. 4958 52 3398440 323.79 | - ie 


cis-1,2-DIMETHYLCYCLOHEXANE 
* This isomer, formerly labeled ‘‘cis’’, has the following properties: boiling 
point at | atm., 124.45° C; refractive index, 1o8 at 25° C, 1.4284; density, at 


25.0 14.4052 0.51 5098.87 | 353.96 | 25° C, 0.7806 g/ml 
25.0 18. 2052 91 | 6475.32 353. 94 353.92 0.06 353. 86 > This isomer, formerly labeled “‘frans’’, has the following properties 
25.0 15. 5325 51 5496.40 = 353. 86 boiling point at | atm., 120.09° C; refractive index, mp8 at 25° C, 1.4206; density 


at 25° C, 0.7620 2/ml. 
© Sample of lower purity. 
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TaBie 1. Results of vaporization experiments—Continued TABLE 1. Results of vaporization experiments—Cor tiny. api lL. 
2,2-DIMETHYLBUTANE (SILICA GEL DRYING) METHYLCYCLOPENTANE 
. Evap- 1, Evap- 
Tem- : lem- , r 
itis = _ ora- Net " ’ =a ora- Net 7 
Date — Mass tion | energy 7 Meanyzs B25 La Date —_ | Mass tion | energy x Meany Aes Ly ™ 
rate | rate 
g/min- int. | g/min-- , ¢ int. 
°¢ 9 ute int.j | int.j/g | int.j/g | j/g | int. j/e °C g ule | int.j | int jig | int.jig | jig int 

5-1-42 25.0 | 10. 5637 | 0.53 3401.41 | 321.99 5-28-42__| 25.0 | 9.4348 | 0.47 | 3549.01 | 376.16 42 2 
Do 25.0 | 20.4006 | 1.02 | 6567.58 | 321.93 |} 321.94 0. 69 321. 25 Do 25.0 | 18.9391 | .95 | 7123.43 | 376.12 76.12 0.34 3754 2 
Do 25.0 | 10.1914 | 0.51 | 3280. 50 321.9 Do 25.0 9. 4405 .47 | 3553.84 376. 09 2 

| ! ! ! | | 
2,2-DIMETHYLBUTANE (FREEZE OUT WATER) n-PROPYLCYCLOPENTANE 
a sei ~ - | | | 2 iain: 

5-842 25.0 | 10.5422 | 0.53 | 3391.52 | 321.71 5-20-42__| 25.0) 9.9500 | 0.50 | 3643.93 | 366.22 |] 308.17 10.08 os - 
Do 25.0 | 15.3726 1.02 | 4949.10 | 321.94 7 321.93 0.69) 321.24 Do__..| 25.0 | 13.7873 | 1.00 | 5047.64) 366.11 |) “OS ai: > agaeay, b 
Do... 25.0 | 10.2009 | 0.51 | 3288.96 322.14 sath 

. 7 ISOPROPYLCYCLOPENTANE 
P2055 DRYING 
6-1-42 25.0 | 8.3058 | 0.52 2920.95 351.68 

5 B42 25.0 10.0734 0.50 | 3243.28 321. 96 Do 25.0 8. 2002 | 1.02 | 2886. 39 351. 60 351.61 0.06 351 15-42 
Do 25.0 2.4435 | 1.02 | 6580.97 | 321.91 |} 321.96 0. 69 321. 27 Do 25.0 | 8.3280 | 0.52 | 2927.75 | 351.56 Do 
Do 25.0 10.0818 | 0.50 3246. 24 321. 99 

sy 2, +DIMETHYLHEXANE 
N-PENTANE 
6-2-42 25.0 | 11.0514 | 0.55 | 3654.85 | 330.71 242 

5 14-42.. 25.0) 9.8235 0.45 3610.02 367.49 Do 25.0 | 21.7718 | 1.09 | 7198.65 | 330.64 |? 330.66 0.09 330 Do. 
Do 25.0 14.3765 | .90 5282.25 367.42 } 367.44 1.22 366. 22 Do 25.0 | 11.0743 | 0.55 | 3661.46 330.63 
Do 25.0 0. S489 45 3618.69 367. 42 

= 3, 4+ DIMETHYLHEXANE 

2,2,3-TRIMETHYLBUTANE = 
6-3-42 25.0 | 10.6941 | 0.54 3649.51 | 341.26 M42 

5-15-42. 25.0 10.1184 0.50 | 3236.38 319.85 Do 25.0 | 23.0734 | 1.05 | 7873.32 | 341.23 |} 341.23 0.07 4 Do 
Do 25.0 14.3047 1.08 | 4606.24 320.00 ¢ 319% 0.24 319. 70 Do 25.0 | 10.7000 0.54 3654.20 | 341.21 Do 
Do 25.0 | 10.1393 | 0.51 | 3244.22 319.96 

BENZENE 
trens-1, 4-DIMETHY LC YCLOHEXANE (SILICA GEL DRYING) 
64-42 25.0 | 10.4328 | 0.52 | 4522.37 433. 48 17-42 

5-18-42 25.0 y ee 0. 48 3362. es 387 = | 337.56 |0.08 337.48 Do 25.0 29.7534 90 12897. 76 433.49 ¢ 433.47 0.20 433.2 Do 
Do 25.0 | 23.5053 | .48 | 7963.61 | 337.51 || Do....| 25.0 | 10.4071 | .52 | 4510.91 | 433.45 

P20; DRYING TOLUENE 

5-21-42..| 25.0) 9.6064 0.48 | 3244.39 337.73 6-25-42__| 25.0 | 10.9006 | 0.55 | 4532.32 412.38 a-<8 
Do 25.0 | 19.4755 97 | 6573.17 | 337.51 |¢ 337.58 10.08 | 337. 50 Do 25.0 | 39.9437 1.00 16473.38 9 412.42 7} 412.41 0.15 412 ° 
Deo 25.0 9. 63 SS 325.04 337. 54 Do 25.0 09466 O=<.5) 4102.42 412.44 

2METHYLPENTANE m-XYLENE 
| 

5-42 25.0 93458 0.47 3243.65 347.07 | 7-2-42 25.0 15.3494 O.51 6165.02 401. 65 
Do 25.0 18. O80I 05 6580.01 346. 09 347.10 0. 57 346. 533 Do 25.0 24.4975 -82 9842. 57 401.78 M1.77 0.02 “) 

Do 2.0 9 3404 47 3246.47 «347. 24 Do 25.0 | 15.3858 .51  GIS3.12 401. 87 
3-METHYLPENTANE oXYLENE 

527-42. 25.0 OGSTS O48 3406.42 351.62 7-3-42 25.0 7.0853 | 0.50 2878.98 | 409. 22 
Do 25.0 19, 2042 06 | 6775.16 | 351.70 > 351.68 (0.45 351. 23 Do 25.0 | 7.2579) .81 2968.50 409.02 } 409.10 0.03 ur 
Do 25.0 10.0078 “) 3551. 57 351.72 | | Do 25.0 7. 066 .51 | 2890. 60 409. 05 
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> 
Do 25.0 
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25.0 


te tw 


5.0 


2.0 
25.0 








> 


8916 | 1.00 5922.79 


< 


=< 


= 


5.6214 | O11 | 2204.45 
5. O106 12 | 2452.78 | 408.08 | 


AB |. Results of vaporization experiments- 


p-XYLENE 


Evap- - 
’ ora- Net i RS 
Mass | tion energy Y Meany 
rate 
g/min- ? ; 
g ule int. j int. jig | int. jig 


O780 | 0.51 2825. 44 309. 19 
1573 80 | 2856.82 | 390.15 399. 14 
9506 | .50 | 2777.38 | 399.07 

| 


ETHYLBENZENE (IMPURE) 


307.73 |] _ 


0133 | 0.50 | 3982.32 | 397.70 || 
ETHYLBENZENE (PURE) 
9914 | 0.50 | 3976.36 | 397.98 |]. 
9927 | .50 | 3976.08 | 397.90 |} a0. 06 
| 
n-PROPYLBENZENE 
2470 | 0.46 | 3556.71 | 384.63) | - 


2387 | .46 | 3552.74 | 384.55 || * 


ISOPROPYLBENZENE 


1185 0.46 4175.61 375. 56 


3. 5376 68 | 5083.95 375. 54 375. 55 
¥.4714 .95 | 3557.09 375. 56 


1,3,5-T RIMETHYLBENZENE 


2.5212 | 0.25 | 4942.98 | 394.77 |] 
2. 3059 25 49040. 82 395.08 | 


304. 92 


1,24-TRIMETHYLBENZENE 


9248 | 0.50 3958.02 308.80]. _ 
308. 78 


9. 9241 50 | 3957.40 | 398.77 |} 


1,23. TRIMETHYLBENZENE 


16 
ae | son. 12 


2,3,5-TRIMETHYLHEXANE 


1306 | 0.51 | 3271.76 | 322.96 | 
1552 | 1.02 3279.28 | 322.92 |} 322.95 
0867 | 0.51 | 3257.71 322. 97 | 


e of lower purity. 
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TaBie 1. Results of vaporization erperiments—Continued 


2,2,5-T RIMETHY LHEXANE 


" Evap- 
Tem- - “a 

Date — Mass stom ous Y Meanyes, 82s Ly 

" rate 

g/min- | : int. 
9 g ule int. j int.j/g | int.jig | jig | int.jig 
7-27-42 25.0 10.4086 | 0.52 | 3250.14 313. 27 

Do 25.6 | 10.0603 | 1.01 | 3150.79 | 313.19 313. 22 (0.04 313.18 


Do 25.0 | 10.0192 | 0.52 | 3137.91 | 313.19 


ie 


3-ETHYLPENTANE 


—_ 


7-28-42__/ 25.0) 8.9272 | 0.45 | 3139.44 | 351.67 


351.65 0.16 351.49 
Do 25.0 9. 8968 99 | 3480. 02 351.63 |) = : 


2,4-DIMETHYLPENTANE 


7-30-42 25.0 10.3614 | 0.50 | 3408.05 328. 44 
Do....| 25.0 9.9658 | 1.00 | 3273.15 328. 44 328. 44 0.25 328. 17 
Do 2.0) 9<.0134 0.50 2060.38 328.44 


2,3-DIMETHYLBUTANE 


7-31-42_. 25.0) 3.8323 | 0.48 | 1207.46) 338.56 ] 
338.50 0.6 337.8 
Do 25.0) 4.3122} .48 | 1450.45 | 338.45 || ” ” 


HEXAMETHYLETHANE (SOLID) 


375.6 
2% 
8-542... 25.0) 2.4000 0.08 908.03) 376.93 |.) 
out ait a on 375. 67 . heat of 
Do 25.0) 1.6069 .O08 | 601.64) 374.41 ) : 
subli- 
mation 
WATER 
8-11-42 25.0 6.3607 0.21) 15536.4 | 2442.56 
Do 25.0 6. 3691 21) «15550.6 | 2441.57 | (2442.05 0.06 2441.4 


Do — 21) «15554.2 2442.02 


The value of gamma, y, given in column 6, is 
obtained by division of the value of net energy 
(col. 5) by the mass (col. 3). This quantity, 
gamma, y, is greater than the latent heat of vapori- 
zation by the quantity beta, 8, as described previ- 
ously [1] in the method. In algebraic form, 


L=y—B,. 


The quantity 8, which is very small in most of the 
experiments, is calculated from the relation 


B==Tov dp/dT 


where 7 is absolute temperature, v is specific 
volume of the liquid, and dp/dT is the vapor pres- 
sure slope. Values of vapor pressure slope and 
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liquid specific volume were calculated from data 
given in various sources [14, 15]. As the quantity 
8 is small, high accuracy was not required in the 
source data. Calculated values of 8 are listed in 
column 8, and the derived values of heat of vapor- 
ization are listed in column 9. 

Inspection of table 1 shows some duplication of 
experiments with a few materials. This was due 
either to an investigation of the effect of various 
drying methods, or to the availability of a purer 
sample at a later date. Ethylbenzene and 2,3- 
dimethylpentane are examples of the latter, and 
values of heats of vaporization on both samples of 
different purity are given to show the small effect 
on the result. The differences are less than 0.1 
percent. The hydrocarbons 2,2-dimethylbutane 
and trans-1,4-dimethyleyclohexane were chosen to 
investigate the different drying methods. The 
results using different drying methods agreed to 
better than 0.01 percent. 

Measurements on the heat of vaporization of 
water were made before, during, and after the 
series of hydrocarbon experiments. This proce- 
dure served as an additional check on the accuracy 
of the results. The average of the 15 water experi- 
ments gave a value of heat of vaporization at 25° 
C of 2441.37 int. j/g as compared to 2441.40 


obtained with an earlier calorimeter [4]. The 
average deviation from this earlier value was 


0.015 percent. 
6. Accuracy of Results on Heat of Vaporization 


In view of the purity of the hydrocarbons, 
smallness of heat leaks, and the excellent agree- 
ment of the resulting heats of vaporization of 
water with those with a different calorimeter, it 
is believed unlikely that the error in the heats of 
vaporization of the hydrocarbons listed in table 1 
is more than 0.1 percent. In the case of hexam- 
ethylethane, experimental difficulties due to the 
fact that the material was a solid at 25° C lead 
to an estimated probable error of about 2 percent 
in the observed heat of sublimation. 


III. Heat Capacity of Twelve 
Hydrocarbons 


1. Introduction 


In addition to the measurements of heat of 
vaporization, measurements of liquid heat ca- 
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pacity were undertaken, first in the temp: rats} 
range 10° to 35° C, and later 5° to 45°C. Af 
the first 12 hydrocarbons, however, th heal 
capacity measurements were discontinued ul 
expedite the measurements on heat of Vaponl 
zation. 

The samples of hydrocarbons used in th 
measurements were the same as those used in th 
measurements of heat of vaporization. 1) 
apparatus was also the same, although || 
experimental procedure was quite different 


2. Method 


As described in previous publications [2, 3,4 
the method consists of heating the calorimer 
with a sample of saturated fluid over a measur! 
temperature range. By making two types ¢ 
experiments, one with a small amount of liquii| 
in the calorimeter (low filling) and the othe f 
with a large amount of liquid in the calorimet:! 
(high filling), it is possible to account for the tw 
heat capacity of the calorimeter and to obtay!] 
the change of a quantity denoted by alpha, 
which is a characteristic property of the fluid 

If Qu and Q, denote the measured quantiti« 
of heat added in the high and low filling expen: 
meats having masses of fluid My and M,, respev 
tively, to heat the calorimeter from temperatu: 
T, to T,, then it has been shown [1] that 


Qu 
Q.=IZii+ Milefi, 


(Z}i+ Mulali, 


where Z denotes a quantity that includes « 
energies that are independent of the amount « 


fluid in the calorimeter. Then, 
Qu —Q:=[Mu— Mi Mlak, 
or 
Aa=AQ/AM, 
or 


Aa/AT=AQ/ATAM. 


In other words, the change in the characteris! 
quantity, a, in a given temperature interval » 
merely the difference in the heat required in th 
high and low filling experiments, divided by tl 
difference in the mass of fluid in the calorimet« 
in the two experiments. 
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t has also been shown [1] that the quantity a is 
ated to the well known enthalpy, /7/, by the 


ation 
H=a-+ B. 
ere 
8 = Lv/(v’ —v)= Te dp/dT 
vere e’ and v are the specific volumes of the 


urated vapor and liquid, respectively, L the 
at of vaporization, 7 the absolute temperature, 
d dp/dT the vapor pressure slope. At the 
nperatures of the present experiments, the 
‘m 8 is quite small compared to @ so that the 
lue of a is within a few parts in a thousand of 
-yalue of H. The value of A///AT for a given 
nperature interval is 


AH /AT = Aa/ AT + AB/AT, 


d the value of d///dT along the saturation path 

derived by applying a correction for curvature 
the enthalpy function. 

The caleulation of C,.:., the heat capacity of the 

juid along the saturation path, from the values 
dID/dT) 4. is performed by using the funda- 

ental definitions of 77 and Cy, . 


(dH a howe dE /dT+ p dv/dT+vr dp dT, 


Oo = (AQT ) 4, —dE/dT + p de/dT. 


ie (dH /dT) 4, —v dp/dT= (dH /d7T),., — B/T. 
In the temperature and pressure range of these 
periments, the values of Cy:. are very close to 
values of C,=1 atm, probably within 0.2 
reent. If desired, the value of C, may be cal- 
ilated from the relation 


+ B/T + T &e/dT*(p—1)—dp/dT dH /dp, 
Accurate 
wwledge of specific volume is necessary in order 
evaluate the factor d*v/dT°. 


here p is expressed in atmospheres. 


3. Experimental Procedure 


le experimental procedure in the heat capacity 
ments was very similar to that with the 
zation experiments. The sample in the 
neter was brought to equilibrium at the 


-4+ 


of Vaporization of Hydrocarbons 


desired starting temperature, and its temperature 
observed as noted in sections I and II]. Measured 
electrical power was put into the calorimeter 
heater to heat the calorimeter at a rate of very 
close to ‘+ deg per minute. At the same time, 
the power inputs to the envelope heaters, the 
throttle heater, and the reference block heater 
were carefully regulated. The reference block 
heater current was regulated manually, so that 
the reference block temperature was always very 
close to the calorimeter temperature. The throttle 
heater was regulated automatically, as in section 
I, so that the temperature of the throttle was 
high enough to prevent any part of the tube from 
becoming colder than the temperature of the 
vapor in the calorimeter. This precaution was 
necessary to avoid condensation io the tube. The 
envelope heaters were regulated as previously 
described, partly automatic and partly manual. 

After the calorimeter had heated the desired 
amount (either 5 or 10 degrees), the calorimeter 
power was turned off and the calorimeter allowed 
to come to equilibrium, as indicated by thermo- 
elements located on the calorimeter. Because of 
the effectiveness of the heat distributing system in 
the calorimeter, the time to come to equilibrium 
was only a few minutes. Usually about 10 
minutes was allowed, which was considerably 
longer than necessary, judging from the thermo- 
element readings. The temperature of the cal- 
orimeter was then observed as before, and a new 
heating period started. Measurements of heat 
leak coefficients (envelope, throttle, and residual) 
were made as in section II, except that the residual 
heat leak was checked only at the beginning and 
end of a sertes of heat capacity measurements. 


4. Results of Heat-Capacity Experiments 


The results of the heat-capacity experiments 
are given in table 2. Column 2 gives the mass of 
fluid in the calorimeter in the experiments for the 
data listed. The corresponding heat of vaporiza- 
tion experiments in table 1 were made after the 
high-filling experiments and before the low-filling 
experiments. Column 3 indicates the type of 
heat function for which corresponding values are 
listed in columns 4 to 8 for the various temperature 
intervals covered by the experiments. For exam- 
ple, the low-filling experiments with n-heptane on 
Nov. 22, 1941 gave for the temperature interval 
20° to 25° C, a value of Q/AT of 81.21 int. j/deg. 
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TABLE 2. Results of heat-capacity experiments 


(Int. j/g or int. j/g—°C 








Date Mass Heat function re a eens pe 
10° to 15° 15° to 20° 20° to 25° 25° to 30 w 
WATER 
. 
il-7-41 91.6182 Q/AT 451. 65 451. 42 451. 36 451.45 451.% 
11-41 91.6182  Q/AT 451. 46 451. 68 451. 4 451.4% 
11-12-41 1.474 Q/AT 116. 02 116. 38 116, 68 117.03 117.4 
| 
Aa/AT (observed) 4. 1878 4. 1807 4. 1780 4. 1732 41 
da/AT (1939—calculated) 4. 1868 4. 1812 4.177 4.1751 4 
Observed—calculated +0. 0010 —0. 0005 +0. 0005 —0.0019 -(m 
n-HEPTANE 
11-1941 476 Q/AT 198. 70 200. 03 201. 38 202.72 a4 
Do W474 Q/AT 198. 66 200. 08 21. 33 202. 69 mM | 
11-2241 5.43 Q/AT 80). 38 80.78 81.21 81.61 s2 
11-24-41. 5.43 Q/AT 80. 32 80.74 81.16 81.61 & 
Aa/AT 2. 1941 2. 2116 2. 2283 2. 2454 25 
Ag/AT 0. 0037 0. 0046 0. 0058 0. 0068 0 
AMAT 2. 1978 2. 2162 2. 2341 2. 2522 222 
Cyer. (observed) 2. 1975 2. 2159 2. 2337 2. 2517 2 2 
Crat. (1939—calculated) 2. 1980 2. 2160 2. 2344 2. 2531 22 
Observed—calculated —0. 0005 —0. 0001 —0). 0007 —0. 0014 ~0 
2,24-TRIMETHYLPENTANE 
124-41 61.1512 QAT 192. 27 193. 81 195. 41 106. 97 1G 
12-5-41 61.1512 Q/saT 192. 24 193. 77 195. 37 196. 95 10s 
12-541 61.1512 | Q/AT 192. 25 193. 79 195. 41 197. 00 198. ¢ 
12-9-41 7.4313 | Q/AT &3.13 &3. 61 84.05 84.51 AS. iv 
Do 7.4313 QAT 83. 21 S34 4.12 57 AS 
Aa/sT 2. 0307 2. 0507 2. 0721 2. 0929 2 
Ag/AT 0. 0088 0. 0046 0. 0055 0. 0067 ou 
ANAT 2. 0845 2. 0553 2. 0776 2. 0906 2 
Creat. (observed) 2.0342 2. 0550 2. 0772 2. 0991 2.12 
Crate. (calculated) 2. 0341 2. 0553 2. 0770 2. 0991 2. 1217 2 
Observed — calculated +0. 0001 —(. 0003 +0. 0002 0. 0000 00, Do 
n-OCTANE 
12-13-41 #4283 QAT 75. 57 176. 65 177.74 178. 66 IN 
12-15-41 9.4288 Q/AT 75. 57 176. 65 177.77 178. 87 IN) 
12-17-41 6.1301 QaT 79. 06 79. 38 79. 76 80.12 wa 
12-18-41 54,1301 | @AT 79. ON 70.44 79. 76 sO. 11 ™ 
‘Aa/AT 2. 1787 2. 1954 2.2124 2.2272) 229] 
4B AT 0.0013 0. 0017 0. 0021 0. 0025 ou 
AlVAT 2 1s00 2. 1971 2. 2145 2. 2297 22 
Cyat. (observed) 2.17% 2. 1970 2.2144 2. 2205 2 
Cryer. (calculated 2 1804 2. 1904 2. 2134 2. 2314 2% 
Observed—calculated —0. 0005 +0. 0006, +0. 0010 —0. 0019 (iN, 
2-METHYLHEPTANE 
12-23-41 18. 4561 OAT 171.97 172.15 174. 38 175. 51 
Do 8.4561 | OAT 172. 00 173.19 174. 38 175. 61 
1-3-42 2.7255 | Q/AT 73. 58 73. 90 74.23 74.00 ‘ 
‘Sa/AT 2.1518 2. 1708 2. 1900 2.077 2.2m) 
48/AT 0. OOLS 0. 0023 0. 0029 0. 0086 ” 
AMAT 2. 1536 | 2.1731 2. 1929 2. 2113 22 
Coat. (observed) 2. 1585 | 2.1730 2. 1927 2.2111 2.2 
Cyeat. (calculated) 2. 1536 2.1729 2. 1923 2. 2117 22 
Observed-calculated 0. 0001 +0. 0001 +0. 0004 0.0006, me, 
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TABLE 2. Results of heat-capacity erperiments—Continued 





(Int. j/g or int. j/e—°C 
Date Mass Heat function SE SA Se Le Ta 
10° to 15° | 15° to 20° | 20° to 25° | 25° to 30° | 30° to 34 
3-METHYLHEPTANE 


48.8831 | QO/AT...-. 172.04 173. 25 174.45 175. 4 | 176. 90 
48.8831 | Q/AT. 172. 16 173. 34 174. 52 175. 74 176. 04 
2.8493 | Q/AT-..- 73. 80 74.13 74.45 74.81 75. 10 


‘Aa/AT... 2. 1354 2. 1542 21731 | 2194) 2209 
48/AT 0.0017 0. 0022 0. 0027 0. 0034 0.0041 
AH/AT.. 2. 1371 2. 1564 2.1758 2.1948 | 2. 2160 
Coat. (observed) 2.1370| 2.1563) 21756 2.1946 | 2.2157 
Coat. (calculated)... 21372; 2150! 21754) 21952| 2.2155 


Observed-calculated ._. —0. 0002 +0). 0003 +(). 0002 —0. 0006 +0). 0002 


4-METHYLHEPTANE 


5° to 16°C 15° to 25° C | 25° to °C 35° ta 45° C 


499.0880 O/AT 172.02 174. 73 177. 27 179. 84 
49.0380 | O/AT 172. 26 174. 77 177. 30 179. 84 
2.901 | Q/AT. 73. 90 74. 57 75. 24 75. 90 
Aa/AT 2. 1293 2.1712 2.2117 2. 2528 
AB/AT 0.0033 0.0051 0.0078 | 0.0114 
sH/AT 2. 1326 2. 1763 2. 2195 2. M42 
Croat. (observed) 2. 1325 2.1761 2. 2192 2. 2638 
Coat. (calculated) 2. 1326 2.1758 2. 2195 2. 237 
Observed-calculated —0. 0001 +0. 0008 —0.00038 | +0. 0001 


2-5-DIMETHYLHEXANE 


45.9489 Q/AT 14. 79 167. 22 169. 78 172.15 
45.9489 O/AT 164. 90 167.30 169. 70 172. 16 
45.9489  O/AT- 164. 72 167. 18 149. 64 172. 16 
2.8539 | O/AT 73.72 74.46 75.12 75.94 
2.8539 | O/AT.. 73. 82 74. 53 75. 22 75. 89 


da/AT 2.1124 2.1519 2. 1937 2. 2333 
Ag AT 0. 0046 0. 0071 0.0106 0.0152 
4H/AT 2.1170 2. 1500 2. 2043 2. 2485 
Coat. (observed) 2.1169 2. 1588 2. 2089 2. 2479 
Cyar. (calculated) 2. 1167 2. 1504 2. 2083 2. 2481 
Observed-calculated +0. 0002 —0. 0006 +0. 0006, —0, 0002. 


n-NONANE 


58.8662 Q/AT . 197. 36 199. 84 W2. 45 
58.8662 QAT 194. 09 197. 45 199. 92 202. 49 
2820 QaT 73. 68 74.34 74. 92 75. 49 
2.8260 | Q/AT 73. 70 74. 39 74.08 75. 83 


Aa) T 2. 1646 2. 1956 2. 2283 2. 2656 
As/AT 0. 0008 0.0014 0. 0023 0. 0037 
AH AT 2.1644 2. 1970 2. B16 2. 2603 
Coat. (observed) 2. 1654 2. 1970 2. 2316 2. 2603 
Coat. (calculated) 2.1644 2. 1970 2. 216 2. 203 
Observed-calculated 0. 0000 0.0000 00000 0. 0000, 
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TABLE 2. 


Mass 


23. S402 
SUS 


5 


on 


tw 


> 


6731 
2. 8326 


¥ 


t 
t 


* 


5136 
5136 
4432 
4432 


7. 3524 


3524 
3524 
S4A2 
S482 


M482 





Heat function 


n-DECANE 


Q/aT 
QaT 


sa/ AT 

46/AT 

aT 

Cyar (observed 

Cyear. (calculated 
Observed-caleulated 


234-TRIMETHYLPENTANE 


OAT 
OAT 


se AT 

46 AT 

SHAT 

Cyn. (observed) 

Cyne. (calculated 
Observed-calculated 


23.3-TRIMETHYLPENTANE 


OAT 
OAT 


sea AT 

ASAT 

AMAT 

Cont. (observed) 
Cyrar (calculated 
Observed-calculated 


WATER 


OAT 
OAT 
OAT 
OAT 
Aa AT (observed 


Aa AT (1939-caleulated) 
Observed-calculated 


13-DIMETHYLHEXANE 


OAT 
OAT 
OAT 
OAT 
OAT 
OAT 


sda/ AT 

46 AT 

SHAT 

Coat. (observed) 
Cras. (calculated 
Observed-calculated 


Results of heat-capacity experiments—Continued 


(Int. j/g or int. j/g 


5° to 20° 


119. 08 


73. 65 


2. 1601 
0. 0008 
2. 14 
2. 1604 
2. 1604 
0. 0000 


163. 47 
73. 61 


2.0075 
0. 0039 
2.1014 
2. 1012 
2. wil 
+0. 0001 


182.05 


73. 530 


2. 0804 
0. 0038 
2. 0832 
2.0929 
2. 0026 
+0. 0003 


283. 06 
24. 00 
si. 62 
86. 47 


4. [S88 
4.1910 


—). O22 


187. 75 
187. 45 
187. 40 
75. 99 
75. O5 


75. 83 


2. 0860 
0. 0042 
2. 0902 
2. 0901 
2. 0003 


2 


+ 


° to 25° 


120. 34 


74.29 


2. 1806 
0.0005 
2. 1901 
2. 1901 
2. 1900 
+0. 0001 


0. 0004 


185. 41 
74.2 


2. 1227 
0. OO5S8 
2. 1285 
1281 
1200 
0.0009 


2M4. 04 
284. 04 
7.18 


SOUS 


4. 1788 
4.1704 
0.0006, 


190.79 
190. 56 
100. 44 
76. 04 


0.00 


J a 


25° to 30° 


121. 5s 


74.84 


2. 2224 
0. 0009 
2. 2233 


. 
~ t 


$3 
4 
| 


tS © 8 
' 

¥ 

~ § 

= 


ae 
$ 


2. IS87 
2. 1883 
2. IS79 


+0. 0004 


2 
= 
z 


284. 37 
284. 36 
87.76 
87. 49 
4.1741 


4.1744 
0. 0003 
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‘he values of Q/AT thus listed in table 2 are 
culated from the electrical energy input during 
experiment, corrected for the three heat leaks 
cribed in section II and for the departures of 
bevinning and end temperatures of the experi- 
nt from the desired even temperature. As in 
vaporization experiments, the arithmetical 
n of the heat leaks for an average experiment 
s about 1 or 2 joules, most of which was caused 
regulating the temperature of the upper tube 
ve the temperature of the calorimeter to avoid 
idensation. The heat leak on most experiments 
itributed only about 0.2 percent to the energy 
yut, and even this smal! amount was effectively 
minated differentially by the experimental pro- 
lure that gave the same heat leak conditions in 
» high-filling experiments as in the low-filling 
weriments. 
The beginning and end temperatures of the 
orimeter in the heat capacity experiments were 
ually regulated to within a few hundredths of a 
cree of the desired even temperatures so that 
‘resultant corrections applied to the measured 
AT amounted to less than 1 percent. As the 
it capacity of the calorimeter and contents is 
own from the experiments, these corrections 
ould introduce no significant error in the results. 
The values of Aa/A T listed in table 2 are ob- 
ined by dividing the difference between the 
erage values of 0/AT for the high-filling experi- 
‘nt and corresponding average values of Q/AT 
r the low-filling experiment, by A.V, the difference 
the masses of fluid in the calorimeter in the 
h and low-filling experiments. Values of 
AT are caleulated from Aa/AT by adding 
AT calculated from specific volume and vapor 


* 


pressure data as described under Method. Values 
of Cya:. at the mid temperatures of the intervals 
are calculated from AH/AT by first applying a 
curvature correction to get dH/dT at the mid 
temperature of the intervals, and then subtracting 
values of 8/7. All these corrections are small, so 
that the resulting values of C,,,. do not differ from 
the Aa/AT by more than a few parts per thousand. 

In order to “smooth” the data, an equation of 
the form Cy, =A+BT+CT? was fitted to the 
data for each material by the method of least 
squares. Table 3 gives the constants of the equa- 
tion for the 12 hydrocarbons as well as values at 
5-degree intervals in the experimental range as 
calculated from these equations. The values of 
(sat. (calculated) listed in table 2 are also computed 
from these equations in order to judge the acciden- 
tal variations in the experimental values of heat 
capacities. It was found that the average devia- 
tion of a determination of heat capacity from the 
value calculated from the equation was 0.011 
percent for the 10-degree intervals and 0.022 
percent for the 5-degree intervals. 

Similar to the vaporization experiments, heat 
capacity experiments with water were made at the 
beginning of this series of measurements and near 
the end, as a check on the accuracy of the results. 
It was found that the 30 experiments with water 
gave an average difference of Aa/AT of about 
0.025 percent from the values reported with 
another calorimeter [4]. 

In addition to the check on the values of heat 
capacity of water, it was possible to also check on 
values of the heat capacity of n-heptane as de- 
termined in the same large calorimeter [4] as was 
used for water. These unpublished determina- 


TABLE 3. Values of smoothed heat capacities 


Equation constants 


Material 
1 1B wc 5 

heptane 2. 10547 3.840 0. 853 

heptane 2. 09208 3.490 0. 425 
heptane 2. OS990 4.245 250 2. 1112 
Dimethylhexane 2. 07498 4.119 5. 248 2. 0957 
thy lhexane 2. 04712 4.24 S750 2. 0685 

! ethylpentane 1. OR314 3. 958 9.419 
‘ ethylpentane 2. 06320 3. 608 18. 500 2 OSI7 
nethylpentane . 2. 06192 2. 786 28. 250 2. 0766 
2. 1453 3. 396 6.791 | 2.1717 

2. 14441 2. 037 19. 140 
2. 13688 2. 700 15. 250 2. 1508 
2. 13450 2.407 1s. 500 2.1470 
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Coat (int. jig? C) 


10 15 a» 25 30 35 40 45 

2. 1440 2. 1682 2. 1826 2. 2020 2.2214 2. 2400 

2. 1279 2. 1466 2. 1657 2. 1852 2. 2053 2. 2258 

2. 1326 2. 1M1 2. 1758 2. 1976 2. 2195 2.2415 2. 287 2. 2880 

2. 1167 2. 1379 2. 1504 2. 1812 2. 2033 2. 22565 2. 2481 2.2710 

2. 0908 2. 1126 2. 13533 2. 1584 2. 1820 2. 20 2. 205 2.256 

2. 0237 2. 0425 2. 0661 2. ONSO 2.1104 2. 1332 

2.1011 2.1214 2. 1427 2. 1648 2. 1879 2.2120 2 2309 2 Ms 

2. 0926 2.1101 2. 1290 2. 1492 2. 1709 2. 1941 2. 2186 2.2445 

2. 1892 2. 2070 2. 2252 2. 2437 2. 24125 2. 2817 2. 3012 2.3211 

2. 1727 2. IS83 2. 248 2. 2223 2. 2407 2. 202 

2. 1644 2. 1808 2. 1970 2. 2139 2. 2316 2. 2501 2. 2608 2. 2808 

2. 1004 2. 1748 2. 1900 2. 2wi2 2. 2234 2244 2. 204 2. 2803 
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include heat leak correction and correctioiis fo;, 
temperatures. The values of Aa@/AT in coli 
were obtained by dividing the difference jy , 
energies for the high and low fillings by the prog 
of the difference in mass of heptane (657.264) tip 
the number of degrees in the temperature inten 
The values of 8/7 in column 8 and AA] 
column 5 were calculated from liquid spo 
volume data in the International Critical Ty 
[13] and vapor pressure data from the tables of 
American Petroleum Institute Project 44 
and from Willingham et al. {16}. 

The values of C,,,. were calculated from do 


tions were made in 1939 by Osborne, Stimson, and 
Ginnings with a sample of n-heptane furnished by 
D. B. Brooks of this Bureau. Three series of 
low-filling experiments were made over the tem- 
perature range 5° to 100° C, but only one series 
of high-filling experiments was completed in the 
range 5° to 90° C on account of interruption of the 
experiments by a mechanical breakdown. 

The results of the 1939 measurements on n-hep- 
tane are given in table 4. Columns 2 and 3 give 
the net energy inputs for the low- and high-filling 
experiments, having 85.859 and 743.123 g of 
heptane, respectively. These values of net energy 











TABLE 4. Results of 1939 n-heptane heat capacity ea periments 
Net energy (Q 
- q P ‘ on on Crear. (ob- | Coes al- 
Femperature interval Sa 37 MB AT All aT diidtT 87 ~~ ae pM 
Low fill- | High fill- served culated) ca 
ing ing 
c int int it int int int int 
int. j int, j jia@—-°C | jla—°C | jle-°C jla-—°C | jla—°C | jlae—°C | jie—°C i 
Sto 10 1787.8 SU39. 7 2. 1768 0. 0030 2. 17% 2. 1793 0. O02 2.1791 2. 184 
Wto ® 3612.8 18, 102.1 2. 45 0042 2. 2087 2. 2086 0008 2. 2083 2. 270 
Dto w 3665.2 18, 381.2 2. 2390 0062 2. 2452 2. 2451 . 0004 2. 2447 2. 2437 
3 to 40 3724.2 18, 662.8 2. 2728 OoNy 2. 2817 2. 2816 . 0007 2. 2809 2. 2817 
Wto ® 3789.0 18, 972.1 2. 3100 O14 2. 3224 2. 3223 Oo010 2. 3218 2. 3211 
to 60 3857.3 19,276.3 2.3459 0167 | 2.3626) 2.3625 oo | 23611) 23619 
@ to 70 3930.7 | 19, 588.9 2. 3838 0222 2. 4060 2 4059 0019 2 4040 2 40400 
70 to 80 4008.4 19,924.3 | 2.4215 O28 | 245083 = 42 wm | 24476 2.4474 
to 4004.4 2, 250.2 2. 4504 0365 2. 4959 2. 4958 0034 2. 4924 2. 4925 
by the method used in table 2. An equation of = 
the type Cy, =A+BT+-C* was fitted to the ob- 
. , : — ° 
served values of C,,,. listed in table 4, giving Se eee mes too came T 
© 184k = ° 
values of the constants as A=2.15453, ° 
B= 0033961, and C=6.7909X10-°, when 7 is Zo oe — -————— 
; , : : e ° 
in degrees C and C,,,. is in int. j/g-deg C. The ¢ e P* 
or 5 « e 
average deviation of the 1939 observed values < “ht — t—+-- - 
from the values calculated from this equation is 
0.028 percent, whereas the average deviation of -2 
: . ° 10 20 3% 40 50 60 70 60 90 
» € 4 ro y | 
the 1941 observed values from this equation veupenatune  *. 
(based on the 1939 results) is 0.037 percent. A : — 
Ficure 4. Deviations of observed heptane heat capac 


comparison of the observed values is given in 
figure 4. 


5. Discussion of Accuracy of Heat Capacity 
Results 


When the calorimeter was designed, it was not 
expected that it would give as accurate results in 
the heat capacity measurements as in the vapori- 
zation experiments. This was due to the small 
size of the calorimeter, which was a more impor- 
tant factor in the heat capacity experiments than 
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from formulation. 


. 1989 observed; @, 1941 observed. 





in the vaporization experiments. However 
view of the excellent agreement of the value 
heat capacity of water and heptane with vali 
obtained with a larger calorimeter at an earl’ 
date, it is believed that the calorimeter is capa! 
of better than 0.1 percent in heat capacities 
spite of its small size. As some of the heat cape 
ity results are based on scanty data, and sel 
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ch as n-decane) involve smaller amounts of 
drocarbon in the calorimeter than others, it is 


118 for. 
Olin 


ce in fieved that the error in the heat capacity results 
© prodg/about 0.1 percent with most hydrocarbons such 
64) tin n-heptane, but that it may be as large as 0.3 
inte reent with a few hydrocarbons such as n-decane. 
\B/A7 

| Spey 

‘al TM The authors acknowledge the participation of 
les of MM F. Stimson of this Bureau in the design of the 
4 lorimeter described in this paper. To him 


ould go a large part of the credit for the design 
a number of the important features of the 
lorumeter. 
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